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Ag  area  of  effusion  surface 

Ap  porous  area  of  effusion  surface 

A'  ratio  of  Ap  to  Ag 

Aq  Avogadro's  number*  6.0228  x  10^^  molecules  *  mole”^ 

Angstrom  unit,  (l  x  10"®  cm) 
a  tube  radius 

H  heat  energy  per  second  per  unit  area 

k  Boltzmann's  constant,  1.3803  x  10"16  gram  •  cm^  *  deg”^  *  sec 

L  tube  length 

M  molecular  flow  rate 

M^ir  molecular  weight  of  air,  28.96  gram  •  mole"^ 

'"air  mass  of  one  air  molecule,  :3  ,\1  x  10" gram  *  molecule 

N  number  of  molecules 

n  molecules  per  unit  volume 

P  pressure 

Rm  universal  gas  constant,  83.15  x  10^  gram  •  cm^  •  deg"^  *  sec" 

T  temperature  in  ®K 

mixing  region  volume 
V  average  molecular  speed 

coefficient  of  viscosity 
^  mean  free  path 

density 

■<f  molecular  diameter 
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SUBSCRIPTS 


0  denotes  conditions  at  the  external  effusion-surface 

1  denotes  conditions  inside  effusion  chamber 

2  denotes  ambient  conditions 

STP  denotes  standard  temperature  and  pressures 

Nstp  =  2.686  X  10^  molecule  •  cm“^ 

TsTp.=  273.16  °K 

PsTP  -  1*0132  X  10^  dyne  •  cm"^ 
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SOMMAHI 


This  document  constitutes  the  final  report  on  the  Effusion  Research 
Pirogram  (Contract  DA-44--177-TC-697)  conducted  by  the  Research  Section 
of  The  Hayes  Corporation,  Bimingham,  Alabama,  from  September  26, 
i960  through  Apidl  25,  1961,  for  the  U,  S.  Army  Ti^nsportation 
Research  Command,  Fort  Eostis,  Virginia. 

An  account  of  a  theoretical  study  and  an  experimental  evalxiation  of 
the  phenomenon  of  gaseous  effusion,  as  applied  to  a  lift  system,  is 
given.  The  purpose  of  the  theoretical  stiody  was  to  determine  the 
magnitude  of  lift  arising  from  the  effusion  process.  The  laboratory 
evaluation  program  Involved  two  phases;  namely,  the  selection  of 
microporous  media  that  woxild  satisfy  the  effusion  requirements  and 
the  design  and  fabrication  of  a  test  apparat\is  for  testing  the 
porous  materials  selected. 

In  the  initial  phases  of  the  work,  the  experimental  and  theoretical 
Investigations  were  carried  on  concurrently.  An  effusion  chamber 
was  constructed  to  test  four  different  types  of  microporous  media 
which  were  ordered  early  in  the  program.  The  test  apparatus  was 
essentially  a  rectangular  air  chamber,  with  the  porous  medium  being 
tested  constituting  one  face  of  the  cheunber.  Auxiliary  apparatus 
was  used  to  control  the  air  pressure  inside  the  chamber.  A  means 
of  measuring  chamber  air  temperature  was  also  provided. 

The  four  types  of  porous  material,  each  having  an  effective  area 
of  one  square  foot,  were  evaluated  by  maintaining  the  chamber  air 
pressure  higher  than  emblent  pressure.  Air  was  allowed  to  effuse 
through  the  porous  media.  According  to  the  preliminary  calculations 
in  the  contract  proposal,  the  effusion  process  should  increase  the 
density  of  molecules  in  the  region  adjacent  to  the  external  surface 
of  the  porous  media,  thus  producing  an  increased  pressure,  or  lift. 

No  lift  was  detected  dxiring  any  of  the  tests.  The  experimental 
phase  was  discontinued  January  25,  1961. 

The  theoretical  work  consisted  in  part  in  re-evaluating  the  ideas 
involved  in  the  original  proposal.  Weaknesses  in  that  treatment 
are  discussed.  Calculations,  based  upon  a  physiceil  model  in 
which  a  tube  is  placed  over  the  effusion  surface.  Indicate  that 
the  increased  density  predicted  in  the  original  proposal  is  much 
too  large.  It  is  concluded  that  no  practical  lift  is  to  be 
expected  from  the  effusion  process.  Any  attainable  lift  would 
be  severely  limited  by  the  stringent  materials  requirements. 
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The  theoretical  study  of  the  effusion  phenomenon,  combined  with  the 
laboratory  evaluation  program  and  the  search  for  microporous  media 
to  satisfy  the  effusion  process  requirements,  has  led  to  the  follow¬ 
ing  conclusionst 

1.  There  are  no  microporous  media  presently  available  which 
will  permit  an  effusion  process  to  take  place  at  atmos¬ 
pheric  pressure* 

2.  Although  the  production  of  microporous  media  with  the 
desired  hole  diameter  Is  presently  obtainable,  the 
production  of  material  with  the  required  thickness  is 
beyond  the  present  state-of-the-art.  Even  if  the  thick¬ 
ness  requirements  could  be  met,  the  circuitous  nature  of 
the  pore  channels  makes  it  impossible  to  achieve  effusive 
flow.  The  thickness  of  the  microporous  media  required  to 
test  for  lift  by  the  effusion  process  at  atmospheric  pres¬ 
sure  approaches  atomic  dimensions.  Material  of  this  thick¬ 
ness  is  impractical  for  the  application  considered  here. 

3.  The  tube  model  calculation  set  an  upper  limit  on  lift,  a 
limit  which  is  much  smaller  than  the  lift  predicted  in  the 
contract  proposal  (Report  516,  included  in  the  text). 

It  is  believed  that  the  low  calculated  values  of  lift  com¬ 
bined  with  the  stringent  materials  requirements  for  effusion 
fail  to  Justify  a  more  detailed  analysis  of  the  feasibility 
of  producing  lift  by  means  of  the  effusion  process. 


DISCUSSION 


INTRODUCTION 

Tke  Hayes  Corpora tloa  EBfiaeerlAf  Report  Ntmber  516  (29  February  I960) 
vas  the  taels  for  the  coatract  proposal  vhieh  resulted  la  the  award  of 
Coatraet  DA“44-177“TC-697  by  the  U.  So  ktmj  Traasportatloa  Research 
Coaaaadj,  Fort  EutlSf  Vlrglalao  The  eoatract  supported  this  theoreti¬ 
cal  aad  e^perlaeatal  study  of  the  pheaoaeaoa  of  gaseous  effusloa  as 
applied  to  a  lift  systha.  The  period  of  performaace  of  the  eoatract 
vas  from  Septeaber  26,  19.60  through  April  25,  196lo 

Slaee  the  Hayes  Eaglaeering  Report  Noo  516  ecataias  the  appropriate 
eoacepts,  derlTatloas,  aad  ealculatloas  for  this  theoretical  vork,  It 
Is  herela  preseated  as  aa  iatroductioa  to  this  fiaal  report. 

EFFUSION  LIFTIN’!  SYSTEM 

Eaglaeering  Report  Noaber  516 
29  February  I960 

FOREWORD 

This  report  on  an  ’’Effusion  Lifting  Systea"  is  an  effort 
to  shew  the  feasibility  of  utilizing  a  well  known  physi¬ 
cal  pheaoaeaon  (e.ffusioa)  in  a  practical  asaner  la  order 
to  achieve  propulsion  and/or  lift. 

Since  effusion  is  a  aicroscopic  process,  different  froa 
Macroscopic  aass  flow  processes,  the  forces  of  interest 
cannot  be  calculated  by  the  usual  aerodynaaicai  tech= 
niques.  Instead,  one  aust  re.sort  t'>  the  statistical 
calctilatloa  of  the  net  nuaber  of  aoleculss  added  to  a 
region  (which  is  "bounded"  by  other  aclecules)  and  c:<a» 

•  pute  the  increased  force  achieTed  b/  using  the  product 
of  the  area  and  the  increased  pressure.  The  increased 
pressures  are  snail  and  are  not,  froa  the  aacroscopic 
point  of  view,  bounded.  This  res^ilts  in  a  gradtie.!  dis- 
placeaent  of  Molecules  f r om  the  increased  pressure  region. 

It  can  be  said  that  the  OTerall  process  is  one  of  “Mole¬ 
cular  Migration"  rather  than  "molecular  streaming’'  . 

The  numbers  appearing  in  thie  report  are  arbitrary;  and 
any  other  set  of  parameters  could  have  been  used  in  the 
calculation.  The  values  that  should  be  chosen  for  the 
Most  efficient  process  is  an  objective  in  a  proposed 
study  prograM, 

The  ultiMate  practical  uses  of  this  theory  in  a  systeM 
and  the  coMparison  of  such  a  systeM  with  other  devices 
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cannot  be  projected  with  any  confidence  at  this  tlme»  It 
is  hoped  that  as  a  result  of  a  theoretical  and  experimen¬ 
tal  study  such  questions  can  be  answered. 

INTRODUCTION 

The  ideas  expressed  in  this  report  were  obtained  from  the 
classical  kinetic  molecular  theory  of  gases.  C)riglnally» 
it  was  felt  that  perhaps  some  new  or  novel  application  of 
this  theory  could  be  made  in  the  field  of  high-lift  or 
vertical  take-off  and  landing  devices.  Certainly*  meth¬ 
ods  in  current  use  in  this  field  leave  much  to  be  desired 
although*  in  many  respects*  they  are  very  satisfactory. 

The  goal  that  was  taken  in  this  study  was  the  re-examina¬ 
tion  of  kinetic  molecular  theory  to  obtain  different 
approaches  to  the  problem  of  achieving  high  lift.  This 
goal  was  subdivided  into  methods  by  which  the  normal 
statistical  behavior  of  molecules  could  be  influenced  to 
provide  preferential  flow  directions  that  either  would 
yield  less  than  normal  energy  input  to  produce  the  same 
effect  or  would  give  a  more  convenient  configuration  to 
produce  the  same  effect. 

This  report  describes  one  of  the  methods  that  appears  to 
be  theoretically  feasible.  It  is  based  upon  effusion 
theory  which  is  discussed  below.  It  should  be  pointed 
out  that  even  though  a  practical  configuration  is  des¬ 
cribed  that  utilizes  the  theory,  the  materials  specified 
(as  far  as  is  known)  are  not  now  available 5  however* 
such  materials  are  just  beyond  the  present  state-of-the- 
art.  It  is  the  present  unavailability  of  materials  which 
makes  quantitative  testing  of  the  theory  rather  difficult; 
however,  it  is  possible  with  current  materials  to  perform 
some  qualitative  tests.  This  is  being  planned  at  the 
present  time. 


EFFUSION  THEORY 

If  one  considers  the  flow  of  gas  through  an  opening  in  a 
dividing  section  between  two  closed  containers  at  differ¬ 
ent  pressures,  the  theory  that  is  used  to  compute  quanti¬ 
ties  of  interest  depend  upon  the  size  of  the  opening.  If 
the  opening  is  very  large  compared  to  the  mean  free  path 
of  the  molecules  (that  average  distance  a  molecule  travels 
between  collisions)  ordinary  hydrodynamical  theory  is 
used;  if  the  opening  is  small  when  compared  to  the  mean 
free  path,  effusion  theory  must  be  employed.  As  the  hole 
size  is  increased  from  the  small  to  the  large,  an  inter¬ 
mediate  type  flow  occurs. 
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Now  consider  the  particular  case  when  the  flow  of  mole¬ 
cules  is  through  holes  that  are  small  compared  to  the 
mean  free  path  of  the  molecules.  According  to  classical 
theory,  the  molecules,  independently  of  one  another,  . 
must  come  out  in  the  form  of  a  molecular  stream  each 
molecule  moving  with  the  speed  it  had  when  it* came  up  to 
the  opening.  The  loss  of  molecules  now  and  then  through 
the  opening  should  affect  the  other  molecules  in  the  gas 
only  slightly  and  this  disturbance  will  be  removed  by 
the  interactions  of  the  other  molecules  in  the  neighbor¬ 
hood  of  the  hole.  These  interactions  always  tend  to 
maintain  an  equilibrium  state.  If  there  is  a  gas  on 
each  side  of  the  hole,  a  process  of  effusion  will  take 
place  in  both  directions  independently  of  the  other  gas. 

In  a  mass  of  gas  in  complete  equilibrium,  take  a  small 
plane  area  AS.  There  are  molecules  crossing  this  area 
in  each  direction  equally  and  continually.  According  to 
Maxwell -Boltzmann  statistics,  if  there  are  n  particles 
per  unit  volume,  then 

^''^dv  (l) 

are  moving  with  speeds  in  the  range  between  v  and  v  +  dv. 
n  is  the  number  of  particles  per  unit  volume; 

A  =^V7r  =  m/2kT;  (2) 

m  is  the  molecular  mass;  and  k  is  the  Boltzmann  constant. 
The  net  flow  across  AS  is  zero,  but  if  one  considers  the 
number  crossing  from  one  side  only,  these  molecules  would 
compose  an  "effusive  stream".  The  number  crossing  per 
unit  area  per  unit  time  is  defined  as  the  random  current 
density  N. 

These  molecules  are  moving  in  all  directions  and  to  cal¬ 
culate  the  number  crossing  AS  from  one  side  only  we  con¬ 
sider  the  fraction  of  them  incident  on  AS  in  directions 
which  lie  within  a  solid  angle  dw.  Of  these  molecules, 
as  many  will  cross  during  a  time.  At,  as  lie  at  the  be¬ 
ginning  of  At  within  a  cylinder  standing  on  AS  as  a 
base  and  having  a  slant  height  v  ^t  and,  therefore,  a 
volume  ASvAt  Cos  6. 
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The  numberi  n',  in  this  cylinder  is,  at  the  beginning  of  At, 

n*  =  477'n  A  v^e  dv  AS  v  At  cos  0  (s) 

Therefore,  if  this  is  divided  by  AS,  At,  and  4?^  ,  the 
number  crossing  AS  per  unit  area  per  unit  time  with 
speeds  in  the  range  v  and  v  +  dv  becomes  for  a  unit  solid 
angle 


n  A  v'^e 


3.  v2 


cos©  dv 


To  obtain  the  random  current  density  per  unit  solid  angle 
j,  this  expression  is  integrated  6ver  all  speeds. 


j  =  j  n  A  v"^  e 
Integrating  by  parts  gives 


2  .,2 


cos  0  dv 


v^  e 


2  2 


dv  =  — L. 

2  ^ 


(4) 

(5) 


and  j  becomes 


J  = 


n  A  cos  0 


2(r 


(6) 


In  spherical  co-ordinates  (with  the  normal  to  AS  as  the 
polar  axis)  an  element  of  solid  angle  is  given  by 


dw  =■  sin  0  d  0  d 
The  current  density  in  dw  is  then 

dN  =  j  d  w  , 


(7) 

(8) 


Now  an  integration  of  dN  over  a  hemisphere  leads  to  the 
total  random  current  density  N. 
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According  to  this  equation  for  N  the  rate  of  molecular 
flow  in  either  direction  across  As  is  the  same  as  if 
the  gas  were  moving  bodily  across  it  with  a  speed  equal 
to  one-fourth  the  mean  speed  of  the  molecules.  This 
applies  to  a  hole  as  well  as  the  body  of  the  gas. 


(12) 


In  order  to  see  what  effect  this  theory  would  yield  for 
possible  applications,  consider  a  container  with  a  base 
that  is  of  porous  material  the  porosity  of  which  is  such 
that  the  ratio  of  opened  to  closed  area  is  lilO.  A 
"mixing  region"  may  be  taken  just  under  the  container 
that  has  a  volume  equal  to  the  area  of  the  base  times 
one  mean  free  path.  It  appears  that  if  a  sufficient 
number  of  molecules  can  be  added  to  this  volume  in  the 
length  of  time  that  it  takes  a  molecule  to  travel  one 
mean  free  path,  there  should  be  a  pressure  increase  since 
the  pressure  is  proportional  to  the  number  of  molecules. 
Taking  the  altitude  of  this  volume  to  be  one  mean  free 
path  effectively  confines  the  added  molecules  in  the  time 
element  considered.  Actually,  the  choice  of  one  mean 
free  path  as  the  height  of  the  mixing  region  was  arbi¬ 
trary;  since  the  molecules  entering  the  mixing  region  do 
so  at  all  angles  relative  to  the  base  of  the  container, 
this  distance  averaged  could  be  somewhat  smaller  than  one 
mean  free  path. 

For  the  purpose  of  making  an  illustrative  calculation, 
assume  the  following:  A  container  having  a  cross  section 
of  one  square  foot  and  a  vertical  dimension  very  large 
compared  to  the  mean  free  path;  a  pressure,  ,  and  a 
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temperature,  Ti,  within  the  container  of  two  atmospheres 
and  300®K,  respectively;  external  to  the  container,  am¬ 
bient  pressure,  P2,  of  one  atmosphere  and  ambient  tem¬ 
perature,  T2,  equal  to  Ti;  a  porous  base  in  the  container 
with  the  sum  of  the  pore  area  to  be  one -tenth  the  total 
area  and  the  pore  diameter  to  be  one- tenth  the  mean  free 
path;  and  a  pumping  system  that  supplies  air  in  suffi¬ 
cient  quantities  to  the  container. 


Using  the  Maxwell-Boltzmann  expression  for  mean  free  path 
within  the  container, 

^  ^  TT  n  cr-  ’  ( 

when  L  is  the  mean  free  path,  n  is  the  density  of  parti¬ 
cles,  and  (T  is  the  molecular  diameter.  L  is  found  to  be 
5.97  X  10“6  cm  at  0"^  C.  Correcting  this  using  L  propor¬ 
tional  to  , 

1  t 

at  constant  pressure  (  ctc  for  air  =  0.79) ,  (Reference  20, 
page  149)  the  value  of  L  at  27°  C  is  6.74  x  10”^  cm. 

This  gives  6.74  x  10“^  cm  as  the  average  pore  diameter. 
The  average  molecular  speed  at  the  temperature,  Ti»  is 


^  =  _2_  ifW  =  2  (14) 

w  ir^  fTf  1/  M 

where  Rj/;  is  the  universal  gas  constant  per  gram  molecular 
weight  and  M  is  the  molecular  weight 
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V  =  2  2  X  83.15  X  10^  x  300 

fW  L  28.96 

V  =  4.69  X  10"^  cm/sec 


:in/sec 


Therefore!  the  net  rate  of  particle  effusion  across  the 
porous  material  is  given  by 


Nnet  =  Ni  -  N2  =  -J-  V  (ni  -  02) 


=  -i-  X  4.69  X  10^  (4.888  x  10^’  -  2.444 
4 

X  10^9) 

•  =  2.866  X  10^^  molecules/cm^/sec 

The  total  area  of  the  base  is  one  square  foot  or  930 
square  centimeters.  The  pore  area  is  one-tenth  of  this 
or  93  square  centimeters.  Therefore!  the  average  excess 
of  particles  Nex  in  the  mixing  region  due  to  the  effusion 
process  is  the  product  of  the  net  rate  of  particle  effu¬ 
sion!  the  average  time 


that  a  particle  remains  in  the  mixing  region!  and  the 
pore  area. 

Nex  “  Nnet  ^  x  Area 


=  2.866  X  10^^  molecules/cm^/sec  x  ^  — 

4.69  X  10^  cm/sec 

X  93  cm^ 

=  3.84  X  10i5  molecules 

The  volume  Vm  of  t^  mixing  region  is  equal  to  930  square 
centimeters  times  ^  which  gives  6.27  x  10“^  cubic  centi¬ 
meters,  The  number  of  particles  initially  in  the  mixing 
region  is  given  by 

n2  V(y)  =  6.27  x  10“^  cm^  x  2.444  x  10^^  molecules/cm^ 

=  15.3  X  10^^  molecules 

Therefore  the  ratio  of  the  total  number  of  molecules  to 
the  Initial  number  of  molecules  in  the  mixing  region  is 

15.3  X  10i6  >  .384  X  lO^^  ^  ^  . 

15.3  X  IOI6 
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Since  in  a  perfect  gas  the  pressure  is  directly  propor¬ 
tional  to  the  particle  density,  the  above  ratio  gives  an 
increase  of  pressure  equal  to  0.368  Ib/in^  or  53  Ib/ft^, 

The  mass  flow  rate  to  achieve  this  differential  pressure 
may  be  computed  by  taking  NNet»  'tbe  number  of  particles 
per  cm2  pgj-  second  effusing  from  the  container  and  mul¬ 
tiplying  by  the  total  pore  area: 


or 


Mass/time  =  Nfjet  Ap 

M  =  2.866  X  1023  x  93 

M  =  266.5  X  10^^  molecule  s/sec 


M 


266.5  X  10^^  molecules/sec 
6.023  X  1023  molecules/mole 


X  28.6  gm/Wole 


(21) 


(22) 


=  1265.5  gm/sec 
=2.78  Ib/sec 


At  the  pressures  and  temperature  assumed,  this  would 
require  input  power  of  114  Horsepower  per  square  foot  of 
lifting  surface. 

This  effusion  theory  has  been  verified  for  conditions 
different  than  those  assumed  above  and  for  applications 
that  did  not  include  lifting  devices.  Because  of  the 
lack  of  suitable  materials  in  the  past,  experiments  on 
effusion  were  conducted  using  reduced  pressure  so  as  to 
Increase  the  mean  f^e  path  and  thereby,  since  pore  size 
is  proportional  to  ^  ,  to  increase  the  required  pore 
size.  As  stated  previously,  efforts  are  continuing  to 
find  a  suitable  material  that  will,  at  least,  give  quali¬ 
tative  verification  of  this  theory. 
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THEORETICAL  PHASE 


The  initial  work  accomplished  in  the  theoretical  phase  of  the  Effusion 
Research  Program  consisted  in  part  of  calculating  such  quantities  as 
molecular  flow  rates,  pressure  increase,  and  heat  transfer  rates.  These 
calculations,  based  directly  upon  the  ideas  set  forth  in  Report  516  above, 
will  be  found  in  the  appendixes.  It  is  believed  that  in  each  case  suffi¬ 
cient  explanation  is  included  for  proper  understanding. 

Materials  Difficulties 


During  the  first  part  of  the  program,  reference  materials  pertaining 
to  the  kinetic  theory  of  gases  and  to  the  effusion  process  were  obtained. 
It  subsequently  became  apparent  from  these  references  that  a  true  experi¬ 
mental  test  of  the  lift  theory  could  not  be  conducted  with  the  porous 
materials  obtained  for  the  experiments.  One  of  the  reasons  for  this  was 
that  no  material  available  was  sufficiently  thin  to  allow  a  true  effusion 
process  to  take  place.  As  is  pointed  out  in  Report  516  above,  effusion 
takes  place  when  the  hole  diameters  are  much  smaller  than  the  mean  free 
path  of  the  gas.  However,  in  addition,  the  thickness  must  be  much  smaller 
than  the  hole  diameter  (Reference  26,  page  22).  For  example,  Knudsen 
(Reference  20,  page  65)  in  work  on  effusion  reported  in  1909,  used  a  hole 
roughly  0.025  mm.  in  diameter  in  a  platinum  strip  0.0025  mm.  thick.  His 
work  confirmed  effusion  theory  when  the  gas  pressure  was  low  enough  that 
the  mean  free  path  of  the  gas  was  at  least  10  times  the  diameter  of  the 
hole.  Consequently,  it  is  reasonable  to  assume  that  if  the  effusion-lift 


theory  is  to  be  tested  at  atmospheric  pressure  where  the  mean  free  path 
is  approximately  10”^  cm.,  the  hole  diameter  should  be  about  10"^  cm.  and 
the  thickness  required  is  about  lO'^cm. ,  which  is  of  the  order  of  atomic 


diameters. 


The  materials  tested  in  the  experimental  phase  of  the  Effusion  Research 
Program  met  the  pore  diameter  requirements,  but  ranged  in  thickness  from 
about  15  X  10“3  cm.  to  about  0.15  cm.  These  materials  obviously  did  not 
meet  the  thickness  requirements  for  tests  at  atmospheric  pressures.  In 
fact,  there  is  not  presently  available  any  porous  material  with  the  neces¬ 
sary  thickness  and  it  appears  impossible  to  produce  a  material  this  thin 
which  would  be  strong  enough  to  withstand  any  appreciable  pressure  differ¬ 
ential.  In  addition,  the  circuitous  nature  of  the  channels  through  even 
the  thinnest  porous  media  makes  it  impossible  to  achieve  effusive  flow, 
regardless  of  the  pressures  employed. 

The  relationships  between  mean  free  path,  hole  diameter,  and  thickness 
of  the  effusion  material  were  used  to  estimate  roughly  an  upper  limit  to 
the  lift  which  might  be  obtained  with  presently  available  materials.  For 
example,  the  thinnest  porous  material  available  is  about  0,001  inch  thick. 
This  corresponds  to  a  minimum  mean  free  path  in  air  of  0,1  inch  or  0,254  cm. 
This  in  turn  sets  the  maximum  operating  pressure  inside  the  effusion  cham¬ 
ber  at  approximately  4  x  10”5  atmospheres.  Since  it  is  unreasonable  to 
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expect  the  lift  to  be  greater  than  the  magnitudes  of  the  pressures 
involved,  4  x  10"^  atmospheres  represents  the  upper  limit  of  lift 
attainable. 

These  considerations  led  to  the  termination  of  the  experimental  phase 
of  the  effusion  research  program  as  of  January  25,  1961.  The  theoret¬ 
ical  phase  was  continued  to  study  the  validity  of  the  lift  theory  and 
also  to  define  better  the  materials  characteristics  best  suited  to 
demonstrate  the  lift  effect. 

• 

This  work  has  turned  up  several  weaknesses  in  the  original  ideas  in¬ 
volved  in  the  lift  theory  as  presented  in  Report  516. 

Mixina-Reoion  Concept  And  Mass  Flow 

A  fundamental  weakness  is  in  the  use  of  the  "mixing-region"  concept. 

The  theory  predicts  a  lift-pressure  arising  from  the  presence  of  excess 
molecules  in  the  "mixing-region"  adjacent  to  the  external  effusion  sur¬ 
face.  Reference  to  the  theory  indicates  that  this  excess  concentration 
is  calculated  by  assuming  that  the  molecules  appearing  in  the  mixing 
region  because  of  the  net  effusive  flow  migrate  out  after  spending  an 
average  time  "x/v  in  the  mixing  region.  The  length  of  the  mixing  region 
is  taken  as  equal  to  .  These  assumptions  require  that,  on  the  average, 
these  molecules  speed  out  of  the  mixing  region  at  a  rate: 


Distance  =  — ^ ~  cm/sec  (23) 

Time  X 

V 

In  the  calculation  made  in  Report  516,  v,  the  average  molecular  speed 
for  air  in  the  ambient  region,  is  given  as  4.69  x  lO'^  cm/sec.  This  value 
is  much  too  high  for  molecular  "migration",  //ore  reasonable  values,  that 
is,  those  associated  with  diffusion,  are  of  the  order  of  100  ciry^hr.  (Ref¬ 
erence  26,  page  66). 

In  addition  to  the  weaknesses  in  the  "mixing-region"  concept,  another 
shortcoming  in  the  original  theory  is  evident.  This  is  the  failure  to 
take  into  consideration  the  effect  of  macroscopic  mass  flow  of  any  excess 
molecules  present  in  the  region  adjacent  to  the  external  effusion  surface. 
The  mass  flow  away  from  the  external  effusion  surface  would  accompany  any 
pressure  increase  in  that  region-  Mass  flow  would  be  of  much  greater  im¬ 
portance  than  diffusion  in  determining  the  average-excess  concentration 
in  this  region. 

Tube  Model 


The  difficulties  discussed  above  necessitated  a  re-examination  of  the 
effusion  process  as  a  means  of  producing  lift.  As  a  result,  a  new  method, 
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which  takes  into  account  mass  flow,  was  utilized  to  establish  roughly 
upper  limits  to  lift  due  to  the  external  effect  predicted  in  Report  516. 
The  physical  model  used  to  make  the  calculations  consists  of  an  effusion 
chamber  to  which  is  attached  a  hollow  cylindrical  tube,  as  indicated 
in  the  diagram  below. 


Ambient 

Conditions 


Effusion  Chamber 


Tube  (Length  L) 


Figtire  3.  Effusion-Chamber  vri.th  Tube 


The  effusion  chamber  is  imagined  as  cylindrical  also,  permitting  the 
tube,  which  is  open  at  both  ends,  to  surround  completely  the  effusion 
surface.  The  calculations  involve  determining  the  value  of  P^,  which 
is  the  pressure  at  the  external  effusion  surface,  when  steady-state 
flow  conditions  are  achieved  for  various  values  of  Pj^,  T]^,  P2,  T2  and  L. 

Pq  may  then  be  compared  with  P2  to  indicate  the  pressure  increase  available. 

The  fundamental  equation  sets  the  net  effusive  flow  rate  (terms  on  left) 
equal  to  the  race  of  flow  in  the  tube  (term  on  right) 


ni 


^  ^2)  (24) 

(2)(8)7t  k  T  L 


The  first  and  second  terms  on  the  left-hand  side  of  the  equation  are 
effusion  rates  (molecules  per  second  per  square  centimeter  of  effusion 
surface)  out  and  into  the  effusion  chamber,  respectively.  The  term  on  the 
right-hand  side  of  the  equation  is  the  well-known  Poiseuille  flow  term, 
(Reference  26,  page  47),  giving  in  this  case  the  molecular  flow  rate  per 
unit  cross-sectional  area  through  a  cylindrical  tube  of  radius  a  and  length 
L.  Pq  and  P2  represent  the  gas  pressure  at  the  ends  of  the  tube.  T  is  the 
temperature  of  the  gas  in  the  tube  and  is  the  gas  viscosity  at  tempera¬ 
ture  T.  f>iaxwellian  velocity  distributions  are  assumed  at  both  sides  of 
the  effusion  surface,  the  internal  conditions  (Pj^,  T^^)  being  maintained 
by  a  suitable  pumping  mechanism.  The  calculations  assume  air  as  the  gas 
used. 

Appendix  V  contains  a  tabula-^ion  of  the  results  of  the  calculations  based 
upon  the  tube  model. 
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Range  and  Method  of  Calculation 


The  calculations  of  Pq  tabulated  in  Appendix  V  cover  the  following 
ranges: 


L 

(cm.)  = 

50,  100 

Pi 

(atm. )  = 

0.0001,  0.001,  0.1,  2,  4 

P2 

(atm. )  = 

0.000001,  0.00001,  0.0001,  0.001,  0.01, 

Tl 

(°K)  = 

100,  273,  600 

T2 

(°K)  = 

100,  273,  300 

Tq  was  calculated  by  the  following  scheme  to  reflect  to  some  extent  the 
effect  of  heat  transfer  to  the  tube: 

for  T]^  =  T2 

for  >  T2 

for  Tj  <  T2 

T,  the  temperature  of  the  gas 

T 


yi  ,  the  viscosity,  was  taken 
setting  the  values  for  Tg  and 
found  that  the  absolute  values  of  Pg  calculated  from  equation  24  are  not 
highly  sensitive  to  changes  in  and  T.  The  following  table  shows  for 
one  case  the  slight  difference  resulting  from  variations  of  Tg  and  T; 


L 

(Cm. ) 

Pi 

( Atm . ) 

P2 

(Atm. ) 

HO 

(°K) 

(Poises) 

(®K) 

^2 

(°K) 

(Oynes^cm^) 

50 

2 

1 

273 

100 

75  X  10"^ 

120 

100 

1.0132001  X 

10^ 

50 

2 

1 

273 

100 

188  X  10"^ 

300 

300 

1.0132003  X 

10^ 

Tg  =  1.2  T2 

To  =  1.2  T^ 

"o  =  -^2 


in  the  tube  was  taken  as« 
^2 


(25) 


to  correspond  to  T,  The  above  schemes  for 
T  are  somewhat  arbitrary,  however,  it  was 
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Discussion  of  Data 

The  general  effect  of  decreasing  L  in  the  calculations  is  to  yield 
lower  values  of  P^.  Thus,  the  values  of  (Pq  -  P2)  represent  upper 
limits  for  the  lift  obtainable  when  effusion  takes  place  directly  in¬ 
to  the  ambient  region. 

For  the  same  ambient  and  effusion  chamber  temperatures  and  pressures  (not 
tabulated)  used  in  the  calculation  of  the  Hayes  Engineering  Report  516, 
the  tube-model  equation  above  yields  for  L  equal  to  100  centimeters  a  Pq 
value  of  1.0132001  x  10^  dynes  per  square  centimeter,  an  increase  over 
ambient  of  about  O.OOODlSi.  This  is  to  be  compared  with  the  2.53^  increase 
calculated  by  using  the  mixing-region  concept  under  the  same  conditions. 

These  calculations  utilize: 


Tube  Model  Report  516 


Pi  = 

2  Atm. 

Pi  = 

2  Atm. 

II 

CM 

a 

1  Atm. 

P2  = 

1  Atm. 

h  = 

T2  =  To  =  300°K 

H 

II 

T2  =  300°K 

V  = 

188  X  10“^  poises 

L  =  100  cm. 


The  greatest  values  of  pressure  differential  (P©  -  P2)  obtainable  from 
the  data  in  Appendix  V  is  2.044  x  103  dynes  per  square  centimeter,  which 
equals  2.017  x  10"3  atmospheres  or  4.27  pounds  per  square  foot.  This 
value  is  obtained  by  use  of  the  following  data: 


To 

(°K) 

= 

300 

Pi 

( Atm. ) 

= 

4 

Tl 

(°K) 

= 

100 

^2 

( Atm. ) 

= 

1/1000 

T 

(OK) 

= 

300Ok 

(Poises) 

= 

188  X  10"6 

^2 

(OK) 

= 

273 

L 

(Cm. ) 

100 

Po 

(dynes/cm^) 

= 

3.0622717  X  lO^ 
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The  calcTilated  value  of  lift  equal  to  4.27  pounds  per  square  foo'. 
is  not  realistic  because  of  the  pressures  involved  in  the  calcula¬ 
tions.  As  discussed  above,  no  material  is  available,  and  probably 
none  could  be  made  to  permit  effusive  flow  at  a  pressTire  differential 
of  four  atmospheres. 

For  Pt  =  10“^  atmospheres  and  P2  r  10“^  atmospheres,  conditions 
roughly  meeting  the  upper  pressure  limit  imposed  by  the  thickness 
of  presently  available  materials,  a  value  of  (Pq  -  P2)  equal  to 
12,89  dynes  per  square  centimeter  or  .027  pound  per  square  foot 
if  obtained  from  the  calculation  using  the  tube-model  equation. 

The  following  data  are  involved  in  the  calculation: 


^0 

(°K) 

300 

Pi 

(Atm. ) 

= 

1 

(°K)  • 

= 

100 

(Atm. ) 

= 

1 

T 

(°K) 

= 

300 

71 

(Poises) 

= 

188  X  10“ 

'^2 

(°K) 

= 

273 

L 

(Cm.) 

= 

100 

Po 

(dynos/cm^) 

= 

13.904749 
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A  preliminary  analysis  of  the  effusion  process  indicated  that  it  would 
be  desirable  to  prove  or  disprove*  by  laboratory'  experimentation,  the 
existence  of  a  gross  lift  effect  due  to  the  effusion  of  gases  through 
microporous  media.  The  decision  to  test  various  microporous  media  re¬ 
quired  that  two  things  be  done.  First*  attempts  had  to  be  made  to  lo¬ 
cate  media  with  the  optimum  microporous  characteristics.  Second*  an 
instrument  had  to  be  designed  which  would  allow  detecting  any  gross 
lift  effect  that  might  be  exhibited  as  a  result  of  gases  effusing 
through  various  microporous  media.  An  apparatus  was  designed  and 
fabricated  for  this  purpose. 


Design  Characteristics 

The  effusion  test  apparatus  consists  of  three  principal  parts;  namely* 

(l)  a  gas-flow*  pressure-indicating  and  control  panel*  (2)  a  plenum 
and  microporous-media-supporting  chamber*  and  (3)  a  device  for  measur¬ 
ing  the  force  resulting  from  the  effusion  process.  These  three  compo¬ 
nents  were  designed  to  meter  the  flow  of  gas  through  the  microporous 
media*  to  indicate  the  pressure  within  the  plenum  chamber  immediately 
before  the  gas  passes  through  the  porous  media*  and  to  indicate  the  mag¬ 
nitude  and  direction  of  any  force  acting  upon  the  media  under  test. 

The  control  panel  shown  in  Figure  4  has  as  a  composite  part  of  it  a 
flow  meter  which  registers  a  flow  of  air  from  0  to  4400  standard  cubic 
inches  per  minute  for  a  gas  with  a  specific  gravity  of  1.0  and  measured 
at  14.7  pounds  per  square  inch  at  a  temperature  of  70°  F.  Also  a  part 
of  the  panel  are  two  pressure  regulators*  one  of  which  regulates  the 
high  pressure  to  a  plenum  tank  and  air  filter  behind  the  panel  and  the 
other  of  which  controls  the  pressure  to  the  plenum  chamber  holding  the 
porous  media.  There  is  a  pressure  gauge  associated  with  the  pressure 
regulator  on  the  high  pressure  side  of  the  line.  There  are  three  pressure 
measuring  instruments  associated  with  the  low  pressure  air  directed  to  the 
porous  media  under  test.  These  instruments  are  a  dial  pressure  gauge* 
a  mercury  manometer*  and  a  water  manometer.  Each  of  the  three  pressure 
measuring  decives  are  connected  to  a  pressure  probe  within  the  plenum 
test  chamber  immediately  upstream  from  the  location  where  the  micro¬ 
porous  test  media  are  placed. 

The  principal  part  of  the  effusion  test  apparatus  is  the  effusive-lift 
test  chamber.  This  part  of  the  apparatus  is  the  rectangular  box  at¬ 
tached  to  a  long  bar  as  shown  in  Figure  4.  a  more  detailed  view  of  this 
portion  of  the  test  apparatus  is  shown  in  Figures  5  through  9.  Figure 
5  shows  the  air  inlet  tubes  and  support  frame  for  the  air  diffuser 
plate.  The  diffuser  plate  is  shown  in  Figure  6.  Placed  upon  the  dif¬ 
fuser  plate  is  the  support  frame  upon  which  the  microporous  media  are 
placed.  The  plenum  chamber  is  divided  into  four  compartments  because 
of  the  limited  size  of  the  microporous  media  obtainable.  The  support 
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Xffasion  Test  Apparatus. 
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Figure  6.  klr  Diffusion  Plate  Vlthla  the  Test  Chaaber  of  the  SffosioD  Test  Apparatus 


Plgpar«  7.  Hicroporoua  Glass  Vltbln  the  Test  Chanber  of  the  Kffusloo  Teat  Apparatue 
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.  Mlcroporouft  Siipport  Gilll  Hithla  the  Test  Chaaber  of  the  Sffsislon  Test  Apparatus. 


Figure  9.  Micruporoue  Glass  Properly  lustalled  in  SffusioD  Teat  Chaaber 


frame  allows  space  for  four  square  sections  of  porous  media  measuring 
6^  inches  on  each  side,  which  consequently  allows  a  total  effective  test 
area  of  one  square  foot.  Figure  7  shows  the  manner  in  which  the  four 
panels  of  porous  material  fit  into  the  framework  of  the  test  chamber. 

The  particular  medium  shown  in  this  figure  is  that  of  the  Vycor  code 
7930  microporous  glass.  Figure  8  illustrates  the  manner  in  which  the 
one  inch  square  grill  support  fits  over  the  medium  being  tested.  The 
overall  dimensions  of  the  test  chamber  provide  effective  open  area  of 
one  square  foot.  Figure  9  shows  the  way  the  whole  unit  is  held  firmly 
together  by  means  of  a  square  frame  and  16  wing  nuts. 

The  method  of  holding  the  porous  glass,  sintered  stainless  steel  and 
nickel  as  shown  in  Figure  9  was  not  adequate  for  holding  the  porous 
cellulosic  medium  in  the  test  chamber.  Figures  10  and  11  Illustrate 
the  technique  employed  to  hold  the  extremely  fragile  microporous  cellu¬ 
losic  medium  in  place  under  test.  Because  of  the  area  occupied  by  the 
support  grill,  the  effective  test  area  was  reduced  35^  by  the  circular 
matrix  medium  used  in  Figure  10  and  only  18^  by  the  square  matrix  grill 
used  in  Figure  11.  This  means  of  supporting  the  fragile,  thin  cellulose 
sheet  was  most  successful. 

The  lift  measuring  technique  employed  consisted  of  balancing  the  test 
chamber  on  one  end  of  a  lever  arm  as  shown  in  Figure  4,  The  opposite 
end  of  the  balanced  arm  was  allowed  to  rest  on  the  weighing  pan  of  a 
trip-beam  balance.  This  arrangement  provided  an  adequately  sensitive 
means  of  measuring  the  force  exerted  on  the  microporous  medium  as  a 
result  of  gases  effusing  through  the  microporous  medium.  The  measuring 
technique  was  found  to  give  a  reproducible  sensitivity  of  0.1  gram. 


Operating  Characteristics 

After  the  microporous  medium  was  securely  placed  within  the  test  chamber, 
the  counterbalance  on  the  lever  arm  opposite  the  test  chamber  was  ad¬ 
justed  in  such  a  manner  as  to  place  the  trip-beam  balance  in  a  neutral 
position.  The  balance  reading  was  then  recorded.  The  flow  of  air  through 
the  system  was  regulated  in  stages  to  allow  taking  readings  of  the  air 
flow,  test-chamber  air  pressure,  and  balance  deflection  at  each  stage  of 
adjustment.  Most  measurements  were  taken  by  increasing  the  pressure  to 
specified  inches  of  water  or  mercury,  holding  the  pressure  at  that  level 
while  readings  were  taken  of  the  air  flow  and  the  balance  deflection. 

The  pressure  was  increased  step-wise  until  the  pressure  limit  of  the  test 
chamber  was  reached  or  until  the  fracture  limit  of  the  microporous  medium 
was  attained.  Each  microporous  medium  was  tested  a  sufficient  number  of 
times  to  be  sure  of  obtaining  reproducible  results. 


MICROPOROUS  EFFUSION  MEDIA 

The  principal  problem  associated  with  the  materials  phase  of  the  proj!‘'t 
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Figure  12.  Ideal  Porous  Medium  Characteristics 
for  Effusion  at  Atmospheric  Pressure. 
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was  that  of  obtaining  microporous  media  with  the  optimum  characteristics 
to  exhibit  properly  a  reaction  force  resulting  from  the  effusion  process. 
The  theoretical  investigation  conducted  concurrently  with  the  material s- 
selection  work  suggested  certain  appropriate  microporous  characteristics. 
These  optimum  characteristics  were  reviewed  in  detail  with  the  prospec¬ 
tive  manufacturers  of  microporous  media. 


Materials  Selection  Criteria 

In  negotiating  viith  manufacturers  of  microporous  media,  five  factors  were 
Involved.  These  five  characteristics  were  the  ideal  sought  in  order  to 
meet  properly  the  conditions  required  for  obtaining  a  gross  lift  effect 
by  the  effusion  process. 

1.  The  microporous  medium  should  possess  pore  diameters  within  the 
range  of  30  to  60  angstroms  at  the  surface  of  the  medium.  The 
pore  paths  through  the  medium  should  be  tubular  and  as  perpen¬ 
dicular  to  the  surface  as  possible,  rather  than  assuming  a 
circuitous  path  which  v;ould  offer  greater  resistance  to  gas 
flov/  through  the  material. 

2.  The  porosity  should  be  such  that  there  are  a  minimum  of 

8  X  10l4  hoies/cm2  or  a  minimum  of  10%  void  area  at  the  sur¬ 
face  of  the  medium.  The  higher  the  pore  population,  the  more 
effectively  the  microporous  medium  can  serve  to  meet  our 
established  objectives. 

3.  The  flow  rate  of  gas  through  the  medium  should  be  the  maximum 
obtainable  v/ith  the  pore  characteristics  listed  above.  Ideally 
this  value  should  be  2.8  Ibs/ft^sec. 

4.  The  medium  should  possess  sufficient  strength  to  withstand  an 
absolute  pressure  differential  of  one  atmosphere.  However, 
the  material  should  be  as  thin  as  possible. 

5.  The  porous  medium  must  be  in  flat  sheet  form  for  the  application 
involved.  It  is  desirable  that  the  sheets  be  as  large  as  pos¬ 
sible. 

The  illustration  found  in  Figure  12  graphically  depicts  the  ideal  porous 
medium  desired  in  order  to  exhibit  adequately  the  optimum  effusion  re¬ 
action  at  atmospheric  pressure. 


Materials  Procurement 

In  an  effort  to  find  the  optimum  microporous  medium,  nineteen  different 
companies  and  four  consultants  in  the  field  were  contacted.  The  follow¬ 
ing  is  a  list  of  these  contacts. 
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•  1.  Aircraft  Porous  Medla^  Inc. 

Glen  Cove»  New  York 

2.  ASCO  Sintering  Corporation 
7799  Telegraph  Road 

Los  Angeles  22,  California 

3.  Barnstead  Still  &  Sterilizer  Co. 
2  Lane svi lie  Terrace 

Boston  31,  Massachusetts 

4.  Bendix  Aviation  Corporation 
Filter  Division 

Madison  Heights,  Michigan 

5.  Briggs  Filtration  Company 
River  Road 

Washington  16,  D.  C. 

6.  Charles  Hardy,  Inc. 

420  Lexington  Avenue 
New  York  17,  Ntw  York 

7.  Coming  Glass  Works 
Corning,  New  York 

8.  Cuno  Engineering  Corporation 
Meriden,  Connecticut 

9.  ESB-Reeves  Corporation 
323  West  Glenslde  Avenue 
Glenside,  Pennsylvania 

10.  Gelman  Instrument  Company 
Chelsea,  Michigan 

11.  Harman  Equipment  Company 
Los  Angeles,  California 

12.  Halex  Corporation 
2120  Fairmont  Avenue 
Reading,  Pennsylvania 

13.  Hercules  Powder  Company 
Wilmington,  Delaware 

14.  Isocyanate  Products,  Inc. 

P.  0.  Box  1681 
Wilmington,  Delaware 
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15.  Linde  Company 
P.  0.  Box  44 
Tonawanda,  New  York 

16.  Millipore  Filter  Corporation 
Bedford*  Massachusetts 

17.  Mott  Metallurgical  Corporation 
272  Huyshope  Avenue 
Hartford  14,  Connecticut 

18.  Purolator  Products,  Inc. 

Rahway,  New  Jersey 

19.  United  States  Rubber 
Textile  Division 

1230  Avenue  of  the  Americas 
New  York  20,  New  York 

20.  Mr.  Henry  Marsh 

Former  Chief  of  Army  Research 
(Consultant) 

21.  Dr.  Thomas  C.  Franklin 
Baylor  University 
Department  of  Chemistry 
Waco,  Texas 
(Consultant) 

22.  Dr.  S.  Loeb 
University  of  California 
Department  of  Engineering 
Los  Angeles  24,  California 
(Consultant) 

23.  Mr.  A.  J.  Langhammer 
2343  Crooks  Road 
Royal  Oaks,  Michigan 
(Consultant) 

As  a  result  of  these  contacts  four  companies  supplied  microporous 
media  which  were  used  in  the  laboratory-evaluation  phase  of  this 
project.  The  characteristics  of  the  materials  supplied  by  these 
companies  are  itemized  in  Table  1. 
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TABLE  1 


CHARACTERISTICS  OF  MICROPOROUS  MEDIA  TESTED 


Aircraft  Porous  Corning  Mott  Metallurgical  Mllllpore  Filter 


Suppliers 

Madia,  Inc. 

Glass  Works 

Corporation 

Corporation 

Composition  of 

Porous  Medium 

Nlckal  Sintered 
to  Wire  Mesh 
Backing 

Code  7930 
Vycor  Glass 

Laminated  Staln- 
leta  Steel 

Celluloslc 

Membrane 

Thickness  of 

Porous  Medium 

0.047" 

0.060" 

0.005"  Fine 

0.063"  Course 

150  MIeront 

Dimensions  of 

Porous  Plates 

6i”  *  6j" 

6j"  X  6i” 

bif"  X  6i" 

12"  Circles 

Pore  Poptilatlon 
of  Porous  Medium 

Approximately 
ls6  K  loH 
Holes/cm^ 

Approximately 
2  X  10l2 
Holes/cm^ 

Approximately 

8  X  lOlO 

Ho  1 e  s/cm^ 

Approximately 

6.4  X  lOll 
Holea/cm^ 

Pore  Dimensions 
of  Porous  Medium 

Uncertain 

30-60 

Angstroms 

Uncertain 

00-120 

Angstrom! 

Pore  Path 

Throuyh  Medium 

Extremely 

Cl rcul tout 

Randomly 

Tukxilar 

Extremely 

Circuitous 

Randomly 

Tubular 

Percent  Void 

Volume  of  Medium 

Approximately 

io:X 

2f^ 

Less  Than  lOj 

80-05?; 

Density  of 

Porous  Medium 

Approximately 

0,0  Oms/cm^ 

1  Gms/cm^ 

Approximately 

7.4  Qms/enr 

Unknown 

Air  Flow 

Through  Medium 

Approximately 
442.7  SCFM/ft2 

37.0  SCIM/ft^ 

Approximately 

38.7  SCFM/ft2 

4.01  CFM/ft^ 
e  13.5  psl  & 

25"  C 

Water  Flow 

Through  Medium 

Unknown 

0.00065  ml/ 
cm  V  A  tmo  s .  / 
hour 

Unknown 

1.1  cc/cm^^mln 
«  13.5  psl  Ik 

2b"  C 

Maximum  Temperature 
Endurance  1 

llOCT’  F 

1742'’  F 

1650"  F 

257"  F 

Degree  of 
Hygroscoplclty 

Negl Iglble 

Extremely 

Hygroscopic 

Negligible 

Fairly 

Hygroscopic 

Strength  of 

Porous  Medium 

Ductile  h 

Strong 

Fairly 

Brittle 

Fragile  for 
Sintered  Metal 

Extremely 

Fragl le 

Manufacturing 

Technique 

Sintering 
Granular  Nickel 

Caustic 
Leaching  of 
Vycor  Glass 

Sintering 

Granular  S.S. 

Paper  Manufac¬ 
turing  Technique 

LABORATOHI  EVALUATION  PROCEDURE 


The  laboratory  evalmtioc  consisted  of  placing  the  four  types  of 
mioroporous  materials  obtained  into  the  testing  apparatus  previously 
described  and  checking  for  indications  of  a  force  resulting  from  the 
effusion  of  gases  through  the  media. 


Insta.llatloc  of  Mlcroporous  Media 

Extreme  precautions  had  to  be  exercised  in  placing  the  microporous 
media  into  the  effusion  test  apparatus.  This  was  particularly  true 
in  the  case  of  the  150  micron  thick  cellulosie  material  and  the  1,5 
millimeter- thick  porous  glass  plates.  The  sintered  stainless  steel 
and  nickel  composing  the  effusion  surface  of  these  two  types  of 
material  were  also  fragile,  and  had  to  be  handled  with  care.  Once 
the  samples  were  in  place  within  the  test  apparatus  there  very 
little  trouble  encountered  in  testing  the  various  media. 


Test-Apparatus  _Cheek-OijT 

The  first  step  ir  checking  the  Installed  microporous  media  within 
the  effusion  test  apparatus  vras  to  check  fee  leaks  wltaLu  the 
system.  The  smallest  leak  ±31  any  area  of  the  test  chamber  was 
found  to  exhibit  a  reaciuon  forcej,  depending  upon  the  direction  of 
the  Jet  cf  escaping  gas.  After  all  .i.eak3  were  stopped,  the  nitcro-" 
porous  materials  were  tested  in  a  stepwise  fashivn  ces  ribea  in  a 
preceding  on  of  this  report 


EXPjraiMQiTAL..RES^ 

The  purpose  of  tne  laboratory  eraltalioB  phase  cf  ■'h.^s  project  was 
to  determine  whether  cr  no'  a  gross  life-  effect  .o,^ld  be  exhibited 
as  a  result  of  the  et fusion  pro  eas.  Table  1,  previousiy  referred 
tOj  shows  the  flow  obtaiiiea  thux'ugn  the  fouu  micrcpcrous  media 
tested.  Ail  materials  weie  subjected  cc  air  fu.o«  and  pressure  in 
a  stepwise  fashion  as  previousi'y  desrribed.  None  of  the  four 
microporous  media  tested  exhibited  a  lif*  force  greater  than  Od 
gram  (the  sensitivity  of  the  test  apparatus).  The  results  of  the 
tests  ind^^ate  'hat  there  was  no  gross  lift  effect  present  at  any 
stage  of  the  testing. 
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APPENDIX  I,  CALCULATIONS  OF  MEAN  FREE  PATH  IN  AIR 


This  appendix  contains  a  formula  for  determining  the  mean  free  path  in 
air.  A  sample  calculation>  data  table*  and  two  graphs  drawn  from  the 
data  are  also  included. 


X CALCULATION  FOR  AIR 


.499(«  V 

let  .499  be  rounded  off  and  written  as  ^ 


where  N  = 


273°K  Ns TP 
1  atm 


7  =  2 


x= 


_ _ 1 

/273°K  NSTP\  /2k\  j 
I  1  atm  )  Vtt/ 


(  26  ) 


SAMPLE  CALCULATION  OF 
X=  (48.11  X  10~24)i 


X=  2.09  X  10 


-3 


^  T^ 


(273)(2.687  x  10^^) (2.76  x  IO^V'TT')'^ 

1 

P 


where  ^  =  170.8  x  10”^  Poises 


T  =  273.16°K 
P  =  1  atm 

X=  2.09  x  10~3  (l70.8  X  10"^)  (273.16)  ^ 

X=  5.88  X  10~®  cm 
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•^1  Qa 


TABLE  2 

DETERMINAHON  FOR  AIR  AT  1  ATMOSPHERE  PRESSURE 


(Micropoises) 

T 

(°K) 

(cm  X  1^6) 

55.1 

78.96 

1.02 

62.7 

90.06 

1.24 

113.0 

169.06 

3,06 

133.3 

203.76 

3.97 

153.9 

241.56 

4.99 

170.8 

273.16 

5.88 

182.7 

291.16 

6.50 

195.8 

313.16 

7.22 

195.8 

327.16 

7.38 

210.2 

347.16 

8.17 

263.8 

502.16 

12.32 

312.3 

607.16 

16.04 

317.5 

630.16 

16.61 

341.3 

682.16 

18.58 

350.1 

739.16 

19.84 

358.3 

754.16 

20.51 

368.6 

810.16 

21.87 

375.0 

838.16 

22,63 

391.6 

893.16 

24.40 

401.4 

911.16 

25.25 

426.3 

1023.16 

28.42 

441.9 

1083.16 

30.32 

464.3 

1196.16 

33.47 

490.6 

1307.16 

36.96 

520.6 

1407.16 

40.73 
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Figure  14.  Mean  Free  Path  of  Air  as  a  Function  of 
Temperature  for  P  =  0.001  Atm. 


APPENDIX  II,  CALCULATIONS  OF  MOLECULAR  FLOW  RATE  AND  LIFT 


This  appendix  contains  derivations  and  calculated  data  for  molecular 
flow  rates,  pressure  increases  and  lift  based  upon  the  theory  presented 
in  the  contract  proposal.  These  calculations  were  made  before  the  validity 
of  the  mixing-region  concept  was  questioned.  The  mixing-region  concept 
does  not  enter  into  the  flow  rate  calculations.  These  are  considered  valid 
for  an  effusion  surface  of  1  square  foot,  l/lO  of  which  is  open  area. 

The  pressure-increase  and  lift  calculations  and  data  are  not  valid  be¬ 
cause  they  depend  upon  tho  cixing-rogion  concept.  The  calculations  are 
included  inoroly  to  indicate  the  scope  of  the  early  work. 


CALCULATIONS  OF  f.OLECULAR  FLOW  RATE 

The  molecular  flow  rate  is  calculated  as  follows t 

*^(molocules.soi)  ~  ^net  ^ 

^not  =  ^  ["l^^l  “  "2^2J 


^net  "  i  ibla 

P 

"  2  fe'  i 

r  Pi 

1 

CM 

a. 

1 

^  'ttmi  _ 

^  Tii 

tJ-J 

(  28  ) 

(  29  ) 
(  30  ) 


M/ 


P  ! 
0 


■ 

1  ttm;  J 

- 

T2i  _ 

Converting  to  grams  per  second* 


M/  -1>  =  M/  1  1  ”1\  air 

(gram.sec  )  (molecules.sec  )  j 


Converting  to  pounds  per  second* 


L  ^0 


*p 


(  31  ) 


(  32  ) 


r. 


«(lb.s<,c-h  =  “(grbn.boc-h  (  33  ) 


-1 


40 


Lift  is  calculated  by  assuming  that  the  pressure  increase  at  the  ex¬ 
ternal  effusion  surface  is  proportional  to  the  number  of  excess 
molecules  in  the  "mixing  region". 


=  i  j^ni  VI  -  n2  V2J  Ap  X2  /  ''ll  ®xcess  molecules  (  35  ) 


^2  ~  ''2  X2  molecules 


(  36  ) 


P2  is  ambient  pressure 


TABLE  3 

MOLECULAR  FLQV  RATE 
WHERE  T^  =  IOQOK  AND  =  0.5  ATM  . 


•  •  • 

^2  M  MM 


(Atm. ) 

(°K) 

Mol. /sec  X  10^^ 

(gVsec) 

(ib/sec) 

0.1 

100 

1.84 

885.7 

2.0 

0.1 

200 

1.98 

950.6 

2.1 

0.1 

273 

2.02 

973.1 

2.1 

0.1 

300 

2.04 

979.3 

2.2 

0.1 

400 

2.07 

996.4 

2.2  ■ 

0.5 

100 

0.00 

0.0 

0.0 

0.5 

200 

0.67 

324.3 

.7 

0.5 

273 

0.91 

437.1 

1.0 

0.5 

300 

0.97 

467.9 

1.0 

0.5 

400 

1.15 

553.6 

1.2 

0.9 

100 

00 

• 

1 

-885.7 

-2.0 

0.9 

200 

-0.63 

-302.0 

-0.7 

0.9 

273 

-0.21 

-  99.0 

-0.2 

0.9 


300 


-0.09 


43.4 


-0.1 


TABLE  4 

MDLECULAR  FLOW  RATE 
WHERE  Tj  a  200®K  AND  Pj  a  0.5  ATM , 


• 

• 

• 

P2 

^2 

U 

M 

M 

(Atm. ) 

(°K) 

Mol. /tec  X  10^ 

(gm/tec) 

(ib/cec) 

0.1 

100 

1.17 

561.4 

1.2 

0.1 

200 

1.30 

626.3 

1.4 

0.1 

273 

1.35 

648.9 

1.4 

0.1 

300 

1.36 

655.0 

1.4 

0.1 

400 

1.40 

672.2 

1.5 

0.5 

100 

—0.67 

-324.3 

-0.7 

0.5 

200 

0.0 

0.0 

0.0 

0.5 

273 

0.23 

112.8 

0.2 

0.5 

300 

0.30 

143.7 

0.3 

0.5 

400 

0.48 

229.3 

0.5 

0.9 

100 

-2.52 

-1210.0 

-2.7 

0.9 

200 

-1.30 

-  626.3 

-1.4 

0.9 

273 

-0.88 

-  423.3 

-0.9 

0.9 

300 

-0.76 

-  367.7 

—0.8 

0.9 


400 


-0.44 


213.6 


—0.5 


TABLE  5 

MOLECULAR  FLOW  RATE 


WHERE  Tj 

=  273®K  AND  Pj  a  0.5 

ATM. 

^2 

(Atm*) 

^2 

(°K) 

• 

M 

Mol  ./see  X  10^ 

• 

M 

(gm/sec) 

• 

M 

(ib/ttc) 

0.1 

100 

.93 

448.6 

1.0 

0.1 

200 

1.07 

513.5 

1.1 

0.1 

273 

1.11 

536.1 

1.2 

0.1 

300 

1.13 

542.2 

1.2 

0.1 

400 

1.16 

559.4 

1.2 

0.5 

100 

-  .91 

-  437.0 

-  1.0 

0.5 

200 

-  .23 

-  112.8 

-  .2 

0.5 

273 

0 

0 

0 

0.5 

300 

.06 

30.9 

0.1 

0.5 

400 

.24 

116.5 

0.3 

0.9 

100 

-  2.75 

-1322.8 

-  2.9 

0.9 

200 

-  1.54 

-  739.1 

-  1.6 

0.9 

273 

-  1.11 

-  536.1 

-  1.2 

0.9 

300 

-  1.00 

-  480.5 

-  1.1 

0.9 

400 

>  .68 

-  326.4 

-  0.7 

44 


TABLE  6 

MOLECULAR  FLOW  RATE 


WHERE  T^ 

a  300‘IC  AND  Pj  a  0.5 

ATM. 

• 

• 

• 

T„ 

M 

M 

M 

2 

2 

(Atm* } 

(®K) 

Mol. /sec  X  10^ 

(ga/««c) 

(ib/sec) 

0.1 

100 

.87 

417.8 

0.9 

0.1 

200 

1.00 

482.6 

1.1 

0.1 

273 

1.05 

505,2 

1.1 

0.1 

300 

1.06 

511.4 

1.1 

0.1 

400 

1.10 

528.5 

1.2 

0.5 

100 

-  .97 

-  467.9 

-  1.0 

0.5 

200 

-  .30 

-  143.7 

-  0.3 

0.5 

273 

-  .06 

-  30.9 

-  0.1 

0.5 

300 

0 

0 

0 

0.5 

400 

.18 

85.6 

0.2 

0.9 

100 

-  2.92 

-1353.7 

-  3.0 

0.9 

200 

-  1.60 

-  770.0 

-  1.7 

0.9 

273 

-  1.18 

-  566.9 

-  1.3 

0.9 

300 

-  1.06 

-  511.4 

-  1.1 

0.9 

400 

-  .74 

-  357.2 

-  0.8 
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TABLE  7 

MOLECULAR  FLOW  RATE 


WHERE  Tj^ 

=  400®K  AND  Pj^  =  0,5 

ATM. 

**2 

(Atm*) 

^2 

(^) 

• 

M 

Mol ./sac  X  102^ 

• 

M 

(gm/sec) 

M 

(ib/tec) 

0.1 

100 

.69 

332.1 

0.7 

0.1 

200 

.83 

397.0 

0.9 

0.1 

273 

.87 

419.6 

0.9 

0.1 

300 

00 

• 

425.7 

0.9 

0.1 

400 

.92 

442.9 

1.0 

1  0.5 

100 

-  1.15 

-  553.6 

-  1.2 

j  0.5 

200 

-  .48 

-  229.3 

-  0.5 

0.5 

273 

-  .24 

-  116.5 

-  0.3 

0.5 

300 

—  .18 

-  85.6 

-  0.2 

1  0.5 

400 

0 

0 

0 

1 

0.9 

100 

-  2.99 

-1439.0 

-  3.2 

0.9 

200 

-  1.78 

-  855.6 

-  1.9 

0.9 

273 

-  1.36 

-  652.6 

-  1.4 

0.9 

300 

-  1.24 

-  597.0 

-  1.3 

0.9 

400 

-  .92 

-  442.9 

-  1.0 
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TABLE  8 

MOLECULAR  FLOW  RATE 


WHERE  Tj 

*  500®K  AND  0.5 

ATM. 

P2 

■^2 

• 

M 

• 

M 

• 

M 

(Atm.) 

(®K) 

Mol. /tec  X  10^ 

(gm/tec) 

(ib/tec) 

0.1 

100 

.57 

273.7 

0.6 

0.1 

200 

.70 

338.6 

0.7 

0.1 

273 

.75 

361.1 

0.8 

0.1 

300 

.76 

367.3 

0.8 

0.1 

400 

.80 

384.4 

0.8 

0.5 

100 

-1.27 

-  612.0 

-1.3 

0.5 

200 

-  .60 

-  287.7 

—0.6 

0.5 

273 

-  .36 

-  174.9 

—0.4 

0.5 

300 

-  .30 

-  144,1 

-0.3 

0.5 

400 

-  .12 

-  58.4 

-0.1 

0.9 

100 

-3.11 

-1497.7 

-3.3 

0.9 

200 

-1.90 

-  914.0 

-2.0 

0.9 

273 

-1.48 

-  711.0 

-1.6 

0.9 

300 

-1.36 

-  655.4 

-1.4 

0.9 

400 

-1.04 

-  501.3 

-1.1 
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TABLE  9 

MOLECULAR  FLOW  RATE 


WHERE  Tj 

=  600®K  AND  Pj  =  0.5 

ATM. 

P2 

T2 

• 

M 

• 

M 

• 

M 

(Atm.  ) 

(®K) 

Mol ./sec  X  10^5 

(gm/sec) 

(ib/sec) 

0.1 

100 

.48 

230.6 

0.5 

0.1 

200 

.61 

295.4 

0.7 

0.1 

273 

.66 

318.0 

0.7 

0.1 

300 

.67 

324.1 

0.7 

0.1 

400 

.71 

341.3 

0.8 

0.5 

100 

-  1.36 

-  655.2 

-  1.4 

0.5 

200 

-  .69 

-  330.9 

-  0.7 

0.5 

273 

-  .45 

-  218.1 

-  0.5 

0.5 

300 

-  .39 

-  187.2 

—  0.4 

0.5 

400 

-  .21 

-  101.6 

-  0.2 

0.9 

100 

-  3.20 

-1540.9 

-  3.4 

0.9 

200‘  . 

-  1.99 

-  957.2 

-  2.1 

0.9 

273 

-  1.57 

-  754.1 

-  1.7 

0.9 

300 

-  1.45 

-  698.6 

-  1.5 

0.9 

400 

-  1.13 

-  544.4 

-  1.2 

48 


TABLE  10 

MXBCULAR  FLOW  RATE 
WHERE  Ti  B  700°K  AND  »  0.5  ATM. 


TABLE  11 

lyOLEOJLAR  FLOW  RATE 


WHERE  Ti 

■  100®K  AND  Pj  =*  2.0 

ATM. 

• 

• 

P2 

^2 

M 

H 

M 

(Atm* ) 

i^) 

Mol. /sec  X  10^ 

(gm/sec) 

(ib/sec) 

0.1 

100 

8.75 

4207.2 

9.3 

0.1 

200 

8.88 

4272.0 

9.4 

0.1 

273 

8.93 

4294.6 

9.5 

0.1 

300 

8.94 

4300.7 

9.5 

0.1 

400 

8.98 

4317.9 

9.5 

0.5 

100 

6.91 

3321,4 

7.3 

0.5 

200 

7.58 

3645.7 

8.0 

0.5 

273 

7.82 

3758.5 

8.3 

0.5 

300 

7.88 

3789.4 

8.4 

0.5 

400 

8.06 

3875.0 

8.5 

0.9 

100 

5.07 

2435.7 

5.4 

0.9 

200 

6.28 

3019.4 

6.7 

0.9 

273 

6.70 

3222.4 

7.1 

0.9 

300 

6.82 

3278.0 

7.2 

0.9 

400 

7.14 

3432.2 

7.6 
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TABLE  12 

MXECULAR  FLOW  RATE 


WHERE  Tj 

s  200®K  AND  Pj  *  2.0 

ATM. 

* 

• 

• 

P2 

^2 

M 

M 

M 

(Atm.) 

(“K) 

Mol./t«c  X  1025 

(gm/see) 

(ib/see) 

0.1 

100 

6.05 

2910.1 

6.4 

0.1 

200 

6.19 

2974.9 

6.6 

0.1 

273 

6.23 

2997.5 

6.6 

0.1 

300 

6.25 

3003.6 

6.6 

0.1 

400 

6.28 

3020.8 

6.7 

0.5 

100 

4.21 

2024.3 

4.5 

0.5 

200 

4.88 

2348.6 

5.2 

0.5 

273 

5.12 

2461.4 

5.4 

0.5 

300 

5.18 

2492.3 

5.5 

0.5 

400 

5.36 

2577,9 

5.7 

0.9 

100 

2.37 

1138.6 

2.5 

0.9 

200 

3.58 

1722.3 

3.8 

0.9 

273 

4.00 

1925.3 

4.2 

0.9 

300 

4.12 

1980.9 

4.4 

0.9 


400 


4.44 


2135.0 


4.7 


Table  13 

U)L£CULAR  FLOW  RATE 
WHERE  =  273®K  AND  a  2.0  ATM. 


• 

• 

• 

P2 

T2 

M 

M 

M 

(Attn.  ) 

(®K) 

Mol./s«c  X  lO^® 

(gm/»ec) 

(ib/tec) 

0.1 

100 

5.11 

2458.9 

5.4 

0.1 

200 

5.25 

2523.7 

5.6 

0.1 

273 

5.30 

2546.3 

5.6 

0.1 

300 

5.31 

2552.4 

5.6 

0.1 

400 

5.34 

2569.6 

5.7 

0.5 

100 

3.27 

1573.2 

3.5 

0.5 

200 

3.95 

1897.4 

4.2 

0.5 

273 

4.18 

2010.2 

4.4 

0.5 

300 

4.24 

2041.0 

4.5 

0.5 

400 

4.42 

2126.7 

4.7 

0.9 

100 

1.43 

687.4 

1.5 

0.9 

200 

2.64 

1271.1 

2.8 

0.9 

273 

3.07 

1474.2 

3.2 

0.9 

300 

3.18 

1529.7 

3.4 

0.9 

400 

3.50 

1683.9 

3.7 
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TABLE  14 

ICLECULAR  FLOW  RATE 
WHERE  Tj^  =*  300®K  AND  Pj^  «  2.0  ATM. 


53 


TABLE  15 

MOLECULAR  FLOW  RATE 


WHERE  Tj 

=  400*^  AND  Pj^  =  2.0 

ATM. 

^2 

^2 

• 

M 

• 

M 

• 

M 

(Atm. ) 

(®x) 

Mol  ./sec  X  10^ 

(gm/sec) 

(ib/sec) 

0.1 

100 

4.14 

1992.9 

4.4 

0.1 

200 

4.28 

2057.7 

4.5 

0.1 

273 

4.33 

2080.3 

4.6 

0.1 

300 

4,34 

2086.4 

4.6 

0.1 

400 

4.37 

2103.6 

4.6 

0.5 

100 

2,30 

1107.1 

2.4 

0.5 

200 

2.98 

1431.4 

3.2 

0.5 

273 

3.21 

1544.2 

3.4 

0.5 

300 

3.28 

1575.1 

3.5 

0.5 

400 

3.45 

1660.7 

3.7 

0.9 

100 

.46 

221.4 

0,5 

0.9 

200 

1.67 

805,1 

1.8 

0.9 

273 

2,10 

1008.2 

2.2 

0.9 

300 

2.21 

1063.7 

2,3 

0.9 

400 

2,53 

1217.9 

2.7 
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TABLE  16 

MOLECULAR  FLOW  RATE 


WHERE  Tj 

=  500®K  AND  *  2.0 

ATM. 

P2 

”^2 

• 

M 

• 

U 

• 

M 

(Atm.) 

(®K) 

Mol  ./sec  X  10^ 

(gm/see) 

(ib/see) 

0.1 

100 

3.66 

1759.1 

3.9 

0.1 

200 

3.79 

1823.9 

4.0 

0.1 

273 

3.84 

1846.5 

4.1 

0.1 

300 

3.85 

1852.7 

4.1 

0.1 

400 

3.89 

1869.8 

4.1 

0.5 

“  100 

1.82 

873.4 

1.9 

0.5 

200 

2.49 

1197.7 

2.6 

0.5 

273 

2.73 

1310.4 

2.9 

0.5 

300 

2.79 

1341.3 

3.0 

0.5 

400 

2.97 

1426.9 

3.1 

0.9 

100 

-  .03 

-  12.3 

.0 

0.9 

200 

1.19 

571.4 

1.3 

0.9 

273 

1.61 

774.4 

1.7 

0.9 

300 

1.73 

829.9 

1.8 

0.9 

400 

2.05 

984.1 

2.2 
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TABLE  17 

f-CLECULAR  FLOW  RATE 


WHERE  T^ 

=  600®K  AND  =  2.0 

ATM. 

P2 

T2 

• 

M 

• 

M 

• 

M 

(Atm.) 

(®K) 

Mol. /sec  X  10^ 

(gm/sec) 

(ib/sec) 

0.1 

100 

3.30 

1586.5 

3.5 

0.1 

200 

3.43 

1651.4 

3.6 

0.1 

273 

3.48 

1673.9 

3.7 

0.1 

300 

3.49 

1680.1 

3.7 

0.1 

400 

3.53 

1697.2 

3.7 

0.5 

100 

1.46 

700.8 

1.5 

0.5 

200 

2.13 

1025.1 

2.3 

0.5 

273 

2.37 

1137.9 

2.5 

0.5 

3C0 

2.43 

1168.8 

2.6 

0.5 

4C0 

2.61 

1254.4 

2.8 

0.9 

100 

-  .33 

-  184.9 

-  0.4 

0.9 

200 

.83 

398.8 

0.9 

0.9 

273 

1.25 

601.8 

1.3 

0.9 

300 

1.37 

657.4 

1.4 

0.9 

400 

1.69 

811.5 

1.8 
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TABLE  18 

MOLECULAR  FLOW  RATE 


WHERE  T^ 

a  700®K  AND  Pj  a  2.0 

ATM. 

• 

• 

• 

**2 

^2 

U 

M 

M 

(Atm* } 

(‘*K) 

Mol./s*c  X  1025 

(9Q/s«c) 

(lb/«0e) 

0.1 

100 

3.02 

1452.4 

3.2 

0.1 

200 

3.16 

1517.3 

3.3 

0.1 

273 

3.20 

1539.8 

3.4 

0.1 

300 

3.22 

1546.0 

3.4 

0.1 

400 

3.25 

1563.1 

3.4 

0.5 

100 

1.18 

566.7 

1.2 

0.5 

200 

1.85 

891.0 

2.0 

0,5 

273 

2.09 

1003.8 

2.2 

0.5 

300 

2.15 

1034.6 

2.3 

0,5 

400 

2.33 

1120.3 

2.5 

0.9 

100 

“•  .66 

-  319.0 

-  .7 

0.9 

200 

.55 

264.7 

.6 

0.9 

273 

.97 

467.7 

1.0 

0.9 

300 

1.09 

523.3 

1.2 

0.9 

400 

1.41 

677,4 

1.5 
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TABLE  19 

MOLECULAR  FLOW  RATE  AND  LIFT 
WHERE  Pj  =  1.5  ATM.,  Pj  =  1  ATM.,  =  300®K 


Tl 

(K°) 

Ngjj/n2  Vy 

X  10"2 

P 

(lb/ln2) 

Lift 

(lb/ft2) 

• 

M 

(gnv/sec) 

• 

M 

(ib/sec) 

100 

6.92 

1.017 

146.4 

2049.6 

4.5 

150 

3.96 

.583 

84.0 

1438.2 

3.2 

200 

2.56 

.377 

54.3  . 

1073.6 

2.4 

250 

1.76 

.259 

37.3 

824.9 

1.8 

273 

1.50 

.221 

31.8 

734.2 

1.6 

300 

1.25 

.184 

26.5 

641.3 

1.4 

350 

.90 

.132 

19.0 

498.6 

1.1 

400 

.65 

.095 

13.7 

383.5 

.8 

450 

.46 

.067 

9.6 

288.2 

.6 

500 

.31 

.046 

6.6 

207.6 

.5 

600 

.11 

.016 

2.3 

77.8 

.2 

700 

-.03 

-.004 

-0.6 

-23.1 

-.1 
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TABLE  20 

MOLECULAR  FLOW  RATE  AND  LIFT  . 

WHERE  P  =  =  1  ATM.  AND  T.  =  300°K 

12  2 


Tl 

(K°) 

Nex/n2  Vm 

X  10“2 

P 

(lb/in2) 

Lift 

(lb/ft2) 

• 

M 

(gm/sec) 

• 

M 

(ib/sec) 

100 

3.17 

.466 

67.1 

938.9 

2.1 

150 

1.46 

.215 

31.0 

532.3 

1.2 

200 

.69 

.101 

14.5 

288.3 

0.6 

250 

.26 

.038 

5.5 

122.4 

0.3 

273 

.13 

.019 

2.7 

61.9 

0.1 

300 

.00 

.000 

0.0 

0.0 

0.0 

350 

-.17 

-.025 

-3.6 

-95.1 

-0.2 

400 

-.29 

-.043 

-6.2 

-171.8 

-0.4 

450 

-.37 

-.055 

-7.9 

-235.4 

-0.5 

500 

-.44 

-.064 

-9.2 

-289.1 

-0.6 

600 

-.52 

-.076 

-10.9 

-375.7 

-0.8 

700 

-.57 

-.083 

-12.0 

-442.9 

-1.0 
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TABLE  21 

MOLECULAR  FLOW  RATE  AND  LIFT 
WHERE  Pj  =  2  ATM. ,  P2  =  1  ATM. ,  T2  =  300®K 


Tl 

(K°) 

^ex/'’2  ''m 

X  10“2 

P 

(ib/in^) 

Lift 

(Ib/ft^) 

• 

M 

(gm/ sec) 

• 

M 

(lb/ sec) 

100 

10.67 

1.569 

225.9 

3160.4 

7.0 

150 

6.47 

.950 

136.8 

2345.1 

5.2 

200 

4.44 

.652 

93.9 

1859.1 

4.1 

250 

3.26 

.479 

69,0 

1527.4 

3.4 

273 

2.87 

.422 

60.8 

1406.4 

3.1 

300 

2.50 

.368 

53.0 

1282.5 

2.8 

350 

1.97 

.290 

41.8 

1092.3 

2.4 

400 

1.58 

.233 

33.6 

938.9 

2.1 

450 

1.29 

.190 

27.4 

811.9 

1.8 

500 

1.06 

.156 

22.5 

704.4 

1.6 

600 

.73 

.108 

15.6 

531.3 

1.2 

700 

.51 

.074 

10.7 

396.7 

.9 
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TABLE  22 

Ma,ECULAR  FLOJV  RATE  AND  LIFT 
lllfHERE  Pi  =  2.5  ATM.,  Pg  =  1  ATM.,  Tj  =  300°K 


"eA  \  ’’  ““  «  « 


(K°) 

X  10-2 

(lb/ln2) 

(lb/ft2) 

(gm/ sec) 

(ib/sec) 

100 

14.42 

2.120 

305.3 

4271.0 

9.4 

150 

8.97 

1.318 

189.8 

3251.9 

7.2 

200 

6.31 

.928 

133.6 

2644.4 

5.8 

250 

4.76 

.700 

100.8 

2229.8 

4.9 

273 

4.25 

.624 

89.9 

2078.6 

4.6 

300 

3.75 

.551 

79.3 

1923.8 

4.2 

350 

3.04 

.447 

64.4 

1686.0 

3.7 

400 

2.52 

.371 

53.4 

1494.2 

3.3 

450 

2.13 

.312 

44.9 

1335.4 

2.9 

500 

1.81 

.267 

38.4 

1201.1 

2.6 

600 

1.36 

.200 

28.8 

984.7 

2.2 

700 

1.04 

.153 

22.0 

816.5 

1.8 
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i 


WHERE 

TABLE  23 

MOLECULAR  FLOW  RATE  AND 
Pj  =  3  ATM. ,  P2  =  1  ATM. 

LIFT 

,  T2  =  300°K 

Tl 

m 

N  /N„  V,, 
ex'  2  M 

X  10-2 

P 

(lb/in2) 

Lift 

(Ib/ft^) 

• 

M 

(gtn/sec) 

t 

M 

(ib/sec) 

100 

18.17 

2.671 

384.6 

5381.9 

11.9 

150 

11.47 

1.685 

242.6 

4158.9 

9.2 

200 

8.19 

1.204 

173.4 

3429.9 

7.6 

250 

6.26 

.921 

132.6 

2932.4 

6.5 

273 

5.62 

.826 

118.9 

2750.9 

6.1 

300 

5.00 

.735 

105.8 

2565.1 

5.7 

350 

4.11 

.605 

87.1 

2279.7 

5.0 

400 

3.46 

.509 

73.3 

2049.6 

4.5 

450 

2.96 

.435 

62.6 

1859.1 

4.1 

500 

2.56 

.377 

54.3 

1697.8 

3.7 

600 

1.98 

.291 

41.9 

1438.2 

3.2 

700 

1.58 

.232 

33.4 

1236.3 

2.7 
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TABLE  24 

Ma-ECULAR  FLOW  RATE  AND  LIFT 
WHERE  Pj  =  3.5  ATM. ,  Pg  =  1  ATM. ,  T^  =  300®K 


(K°) 

''ex/''2 

X  10”^ 

P 

(Ib/ln^) 

Lift 

(lb/ft2) 

• 

M 

(gnv/sec) 

• 

M 

(ib/sec) 

100 

21.92 

3.223 

464.1 

6492.4 

14.3 

150 

13.97 

2.053 

295.6 

5065.7 

11.2 

200 

10.06 

1.479 

213.0 

4215.2 

9.3 

250 

7.76 

1.141 

164.3 

3634.8 

8.0 

273 

7.00 

1.028 

148.0 

3423.1 

7.5 

300 

6.25 

.919 

132.3 

3206.3 

7.1 

350 

5.19 

.762 

109.7 

2873.3 

6.3 

400 

4.40 

.646 

93.0 

2604.9 

5.7 

450 

3.79 

.558 

80.4 

2382.6 

5.3 

500 

3.31 

.487 

70.1 

2194.5 

4.8 

600 

2.61 

.383 

55.2 

1891.6 

4.2 

700 

2.11 

.311 

44.8 

1656.1 

3.7 

63 


TABLE  25 

MO-ECULAR  FLOW  RATE  AND  LIFT 
WHERE  =  4  ATM. ,  Pj  =  1  ATM. ,  7^  =  300®K 


(K°) 

"e/Xs  ''m 

X  10-2 

P 

(Ib/in^) 

Lift 

(lb/ft2) 

• 

M 

(gny'sec) 

• 

M 

(ib/sec) 

100 

25.67 

3.774 

543.5 

7603.4 

16.8 

150 

16.47 

2.421 

348.6 

5972.8 

13.2 

200 

11.94 

1.755 

252.7 

5000.8 

11.0 

250 

9.26 

1.362 

196.1 

4337.4 

9.6 

273 

8.37 

1.230 

177.1 

4095.5 

9.0 

300 

7.50 

1.103 

158.8 

3847.7 

8.5 

350 

6.26 

.920 

132.5 

3467.2 

7.6 

400 

5.34 

.784 

112.9 

3160.4 

7.0 

450 

4.63 

.680 

97.9 

2906.3 

6.4 

500 

4.06 

.597 

86.0 

2691.3 

5.9 

600 

3.23 

.475 

68.4 

2345.1 

5.2 

700 

2.65 

.389 

56.0 

2076.0 

4.6 

6 


Figure  16.  Molecular  Flow  Rate  as  a  Function  of  Effusion- 
Chamber  Temperature  for  P2  =  0*1  Atm.,  Pj^  = 
0.5  Atm. 
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Figure  23.  Molecular  Flow  Hate  as  a 

Function  of  Effusion-Chamber 
Temperature  for  P,  =  4.0  Atm., 
P2  =  0.9  Atm. 
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I 

! 

I 


Figure  24,  Molecular  Flow  Rate  as  a  Function  of 
Effusion-Chamber  Temperature  for 
Pj  =  4.0  Atm.,  P2  =  0.1  Atm. 
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APPENDIX  III,  CALCULATIONS  OF  NET  HEAT- TRANSFER  RATE 
THROUGH  AN  EFFUSIOl  SURFACE 


This  appendix  contains  the  derivation  of  the  formula  used  to  calculate 
the  net  rate  at  which  heat  is  transferred  through  an  effusion  surface 
whose  total  area  is  one  square  foot,  one-tenth  of  which  is  hole  area* 
Also  included  are  the  calculated  data  and  graphs  constructed  from  the 
data.  The  graphs  depict  horsepower  vs.  effusion-chamber  temperature 
and  also  horsepower  vs.  effusion-chamber  pressure. 

HEAT-TRANSFER  RATE  DERIVATION 

Determination  of  net  rate  of  heat  transfer  through  the  effusion  surface 
by  the  effusion  process: 


Let  Nj^  be  the  number  of  particles  effusing  out  of  chamber  in  unit  time 
per  unit  area  of  effusion  surface  (molecules  per  cm2  per  second). 


3/2  kTj  =  Average  kinetic  energy  of  molecules 
in  chamber 

2  kTj  =  Average  kinetic  energy  of  molecules 
effusing  out  (Reference  20,  page  64) 

1/2  kTj^  =  Average  excess  kinetic  energy  of 
molecules  leaving  chamber  (with 
respect  to  average  inside) 

Ni(l/2)  kTi  =  Total  excess  kinetic  energy  carried 
out  of  chamber 

N2(2)  kT2  =  Total  kinetic  energy  of  molecules 
effusing  into  chamber 

N2  (2kT2  -  3/2  kT^)  =  Total  excess  kinetic  energy  added 

to  inside  by  N2  molecules  (with 
respect  to  average  inside) 


(  37  ) 
(  38  ) 

(  39  ) 

(  40  ) 
(  41  ) 
(  42  ) 


Energy  Out- Energy  In 


H 


Heat  energy  which  must  be  added  to  in¬ 
side  to  restore  original  conditions 

til  (1/2  kTi)  -  N2  (2  kT2  -  3/2  kT^) 


(  43  ) 
(  44  ) 


Net  heat  to  be  added  p 
(ergs  per  cm^  per  sec) 


er  unit  area  of  effusion  surface  per  second. 
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To  write  above  equation  in  terms  of  temperature  and  pressure,  lett 


=  ni  (1/4)  VI  A* 


(  45 


/i/here  nj 

A' 


particles  per  unit  volume 

average  speed  of  molecules  Inside 

pore  area  per  unit  i  rea  of  effusion 
surface 


^2  =  ^2  (1/4)  V2  A’ 


(  46 


Heat  energy  per  unit  area  per  unit  time  is  given  by: 

H  =  ni(l/4)viA'  [1/2  kTij  -  n2(l/4)v2A’  '  2  kT2  -  3/2  kTiJ 


/2kT  i  -  2 

[2L.) 

rr  ml 

\  TTm  1 

Substitute  in  equation  for  vj  Sc  v2 


V2 


"2(1/4)  2  jgi-)  -^2^  A« 


L_ 


2kT2-  3/2kTi 


"],  ^  "2  molecular  densities  (molecu. es  per  unit  volxune) . 
Expressing  these  in  terms  of  pressure  and  temperature 


^  "STP 


1  Atm. 


IL 

Tl 


(  47 
(  48 


=  2 

(  2k 

1  Trm 

(  49 

=  2  1 

'  2k_ 

TT  m 

'M- 

(  50 

■)  2 

\  rr  m  / 

A* 

^1/2  kTi  - 

(  51 


(  52 


n2  = 


273  K  nsTP 


1  Atm. 


^2 


(  53 
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273°K  nsTPl 
_  1  Atm.  j 


r  273°k  nsTp 


H  = 


1  Atm. 


273  K  nsTP 


L  1  Atm. 


273°K  ngjp  1 


1  Atm.  J 


(i) 

/  2  k 

1  TT  m 

(i)  I 

'  2  k  \ 

J  1 

1  TT  m  / 

(i)  [ 

2  k  1 

TT  ni  / 

T2  a'  b  k  T.  -  3/2  k  Ti 


(  54  ) 


i  -2  r 

Ti  A‘  li  k 


i  -i 


2  k  T2  -  3/2  k  T, 


(  55  ) 


H  = 


273  K  nsTp 


L  1  Atm. 


(i) 


TT  m 


k^  A. 


r  i  -i 

X  i  -  P2  ^2  (  2T2  -  3/2  Tj) 


(  56  ) 


ergs 


sec  cm‘ 


The  following  conversion  factor  is  used  to  convert  H  in  ergs/sec-cm^ 
to  horsepower  per  square  foot: 

1.245  X  10"^ 
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NET  HEAT  TRANSFER 
WHEN  T2  = 


rABLE  26 

THROUGH  AN  EFFUSION  SURFACE 
lOO^K  AND  Ti  =  100°K 


H 

HP 

(Erg/ sec-cm^) 

1.38  X 

108 

17.2 

3.10  X 

10® 

38.6 

6.54  X 

10® 

81.5 

9.98  X 

10® 

124.4 

13.43  X 

10® 

167.2 

0.00  X 

10® 

0.0 

1.72  X 

10® 

21.4 

5.16  X 

10® 

64.3 

8.61  X 

10® 

107.2 

12.05  X 

10® 

150.1 

-1.72  X 

10® 

21.4 

0.00  X 

10® 

0.0 

3.44  X 

10® 

42.9 

6.89  X 

10® 

85.8 

10.33  X 

10® 

128.7 

-3.44  X 

10® 

-42.9 

-1.72  X 

10® 

-21.4 

1.72  X 

10® 

21.4 

5.16  X 

10® 

64.3 

8.61  X 

10® 

107.2 
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TABLE  27 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  Tg  =  lOO^K  AND  T^  =  2000K 


P2  Pi  H 

^  ^  t  \  /r-  / 


(Atm. ) 

i 

(Atm. ) 

(Erg/ sec-cm^  ) 

0.1 

0.5 

3.12 

X 

CO 

a 

0.1 

1.0 

5.56 

X 

10® 

0.1 

2.0 

10.43 

X 

108 

0.1 

3.0 

15.30 

X 

10® 

0.1 

4.0 

20.16 

X 

10® 

0.5 

0.5 

5.80 

X 

10® 

0.5 

1.0 

0.31 

X 

10® 

0.5 

2.0 

13.18 

X 

10® 

0.5 

3.0 

18.05 

X 

10® 

n-5 

4.0 

22-92 

X 

CO 

0 

1.0 

0.5 

0.32 

X 

10® 

1.0 

1 .0 

11.75 

X 

10® 

1.0 

2.0 

16.62 

X 

10® 

1.0 

3.0 

21.49 

X 

10® 

1.0 

4.0 

26.36 

X 

10® 

1.5 

0.5 

12.76 

X 

10® 

1.5 

1.0 

15.20 

X 

10® 

1.5 

2.0 

20.07 

X 

10® 

1.5 

3.0 

24.93 

X 

10® 

1.5 

4.0 

29.00 

X 

10® 

HP 

38.9 

69.2 
129.9 

190.5 

251.2 

73.2 

103.5 

164.2 

224.8 

285.5 

116.1 

146 . 4 

207.1 
267.7 

328.4 
159.0 

189.3 

249.9 

310.6 

371.2 
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NET  HEAT  TRANSFER 
WHEN  T2  = 

TABLE  28 

THROUGH  AN  EFFUSION  SURFACE 
100®K  AND  Ti  =  273®K 

1 

P2 

(Atm. ) 

Pi 

(Atm. ) 

H 

(Erg/ sec 

-cm^ ) 

HP 

O.i 

0.5 

4.28  X 

10® 

53.4 

0.1 

1.0 

7.13  X 

10® 

88.8 

O.i 

2.0 

12.82  X 

10® 

159.7 

0.1 

3.0 

18.51  X 

10® 

230.5 

0.1 

4.0 

24.20  X 

10® 

301.4 

0.5 

0.5 

10.06  X 

10®  - 

125.3 

0.5 

1.0 

12.90  X 

10® 

160.7 

0.5 

2.0 

18.59  X 

10® 

231.6 

0.5 

3.0 

24.28  X 

10® 

302.4 

0.5 

4.0 

29.97  X 

10® 

373.3 

1.0 

0.5 

17.27  X 

10® 

215.1 

1.0 

1.0 

20.11  X 

10® 

250.5 

1.0 

2.0 

25.80  X 

10® 

321.4 

1.0 

3.0 

31.49  X 

10® 

392.2 

1.0 

4.0 

37.18  X 

10® 

463.1 

1.5 

0.5 

24.48  X 

10® 

304.9 

i.5 

1.0 

27.33  X 

10® 

340.4 

1.5 

2.0 

33.01  X 

10® 

411.2 

1.5 

3.0 

38.70  X 

10® 

482.9 

1.5 

4.0 

44.39  X 

10® 

552.9 
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TABLE  29 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  100®K  AND  Tj  =  400°K 


^2 

(Atm. ) 

(Atm.) 

H 

(Erg/sec-cm2 ) 

HP 

0.1 

0.5 

6.20  X  10® 

77.2 

0.1 

1.0 

9.64  X  108 

120.1 

0.1 

2.0 

16.53  X  108  . 

205.8 

0.1 

3.0 

23.41  X  108 

291.6 

0.1 

4.0 

8 

30.30  X  10 

377.4 

0.5 

0.5 

17.21  X  10® 

214.4 

0.5 

1.0 

20.66  X  108 

257.3 

0.5 

2.0 

27.54  X  10® 

343.1 

0.5 

3.0 

34.43  X  10® 

428.8 

0.5 

4.0 

CO 

0 

X 

CO 

514.6 

1.0 

0.5 

CO 

0 

X 

00 

0 

d 

CO 

386.0 

1.0 

1.0 

34.43  X  10® 

428.8 

1.0 

2.0 

41.31  X  10® 

514.6 

1.0 

3.0 

48.20  X  10® 

600.4 

1.0 

4.0 

55.00  X  10® 

686.1 

1.5 

0.5 

44.76  X  10® 

557.5 

1.5 

1.0 

48.20  X  10® 

600.4 

1.5 

2.0 

55.08  X  10® 

686.1 

1.5 

3.0 

61.97  X  10® 

771.9 

1.5 

4.0 

68.86  X  10® 

857.7 
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TABLE  30 


NET  HEAT  TRANSFER 
WHEN  = 

THROUGH  AN  EFFUSION  SURFACE 
lOQOK  AND  Tj  =  SOO^K 

P2 

( Atm. ) 

Pi 

(Atm. ) 

H 

( Erg/sec-cm^) 

HP 

0.1 

0,5 

7.64  X  10® 

95.1 

0.1 

1.0 

11.49  X  10® 

143.1 

0.1 

2.0 

19. IB.  X  10® 

239.0 

0.1 

3.0 

26.88  X  10® 

334.8 

0.1  ■ 

4.0 

34.58  X  10® 

430.7 

0.5 

0.5 

22.78  X  10® 

283.8 

0,5 

1.0 

26.63  X  10® 

331.7 

0.5 

2.0 

34.33  X  10® 

427.6 

0.5 

3.0 

42.03  X  10® 

523.5 

0.5 

4.0 

49.73  X  10® 

619.4 

1.0 

0.5 

41.72  X  10® 

519.7 

1.0 

1.0 

45.57  X  10® 

567.6 

1.0 

2.0 

53.27  X  10® 

663.5 

1.0 

3.0 

60.97  X  10® 

759.4 

1.0 

4.0 

68.66  X  10® 

855.3 

1.5 

0.5 

60.65  X  10® 

755.5 

1.5 

1.0 

64.50  X  10® 

803.5 

1.5 

2.0 

72.20  X  10® 

899.4 

1.5 

3.0 

79.90  X  10® 

995.2 

1.5 

4.0 

87.60  X  10® 

1091.1 

82 
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TABLE  31 


NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 

WHEN  12  =  2000K  AND  Tj  =  lOO^K 

^2 

(Atm. ) 

(Atm.) 

H 

(Erg/sec-cm^) 

HP 

0.1 

0.5 

.50  X  10® 

6.3 

0.1 

1.0 

2.23  X  10® 

27.7 

0.1 

2.0 

5.67  X  10® 

70.6 

0.1 

3.0 

9.11  X  10® 

113.5 

0.1 

4.0 

12.55  X  10® 

156.4 

0.5 

0.5 

-4.36  X  10® 

-54.4 

0.5 

1.0 

-2.64  X  10® 

-32.9 

0.5 

2.0 

00 

o 

X 

o 

00 

10.0 

0.5 

3.0 

4.24  X  10® 

52.8 

0.5 

4.0 

7.69  X  10® 

95.7 

1.0 

0.5 

-10.45  X  10® 

-130.2 

1.0 

1.0 

-  8.73  X  10® 

-108.7 

1.0 

2.0 

-  5.29  X  10® 

-  65.8 

1.0 

3.0 

-  1.84  X  10® 

-  23.0 

1.0 

4.0 

1.60  X  10® 

19.9 

1.5 

0.5 

-16.54  X  10® 

-206.0 

1.5 

1.0 

-14.82  X  10® 

-184.5 

1.5 

2.0 

-11.37  X  10® 

-141.7 

1.5 

3*0 

-  7.93  X  10® 

-  98.8 

1.5 

4.0 

-  4.49  X  10® 

-  55.9 
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TABLE  32 


NET  HEAT  TRANSFER 
WHEN  T2  = 

THROUGH  AN  EFFUSION  SURFACE 
200°K  AND  T,  =  200®K 

P2 

(Atm. ) 

,  Pi 

(Atm. ) 

H 

( Erg/s ec-cm^) 

HP 

0.1 

0.5 

1.95  X  l(^ 

24.3 

0.1 

1.0 

4.38  X  10® 

54.6 

0.1 

2.0 

9.25  X  108 

115.2 

0.1 

3.0 

14.12  X  108 

175.8 

0.1 

4.0 

18.99  X  10® 

236.5 

0.5 

0.5 

13.77  X  10° 

0.0 

0.5 

1.0 

2.43  X  10® 

30.3 

0.5 

2.0 

7.30  X  10® 

91.0 

0.5 

3.0 

12.17  X  10® 

151 .6 

0.5 

4.0 

17.04  X  10® 

212.3 

1.0 

0.5 

-2.43  X  10® 

-30.3 

1.0 

1.0 

27.54  X  10” 

0.0 

1.0 

2.0 

CD 

X 

0 

CD 

60.6 

1.0 

3.0 

9.7.1  X  10® 

121.3 

1 .0 

4.0 

14.61  X  10® 

181.9 

1.5 

0.5 

-4.87  X  10® 

-60.6 

1.5 

1.0 

-2.43  X  10® 

-30.3 

1.5 

2.0 

2.43  X  10® 

30.3 

1.5 

3.0 

7.30  X  10® 

91.0 

1.5 

4.0 

12.17  X  10® 

151.6 
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TABLE  33 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  Tj  =  200®K  AND  T^  =  2730K 


P2 

(Atm. ) 

(Atm. ) 

H 

(Erg/ sec-cm'^ ) 

HP 

0.1 

0.5 

2.89  X  10® 

36.0 

0.1 

1.0 

5.73  X  10® 

71.4 

0.1 

2.0 

11.42  X  10® 

142.3 

0.1 

3.0 

17.11  X  10® 

213.1 

0.1 

4.0 

22.80  X  10® 

284.0 

0.5 

0.5 

3.08  X  10® 

38.3 

0.5 

1.0 

5.92  X  10® 

73.7 

0.5 

2.0 

11.61  X  108 

144.6 

0.5 

3.0 

17.30  X  10® 

215.4 

0.5 

4.0 

22.98  X  10® 

286.3 

1.0 

0.5 

3.31  X  10® 

41.2 

1.0 

1.0 

6.15  X  10® 

76.6 

1.0 

2.0 

11.84  X  10® 

147.5 

1.0 

3.0 

17.53  X  10® 

218.3 

1.0 

4.0 

23.22  X  10® 

289.2 

1.5 

0.5 

3.54  X  10® 

44.1 

1.5 

1.0 

6.38  X  10® 

79.5 

1.5 

2.0 

12.07  X  10® 

150.4 

1.5 

3.0 

17.76  X  10® 

221.2 

1.5 

4.0 

23.45  X  10® 

292.1 
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NET  HEAT  TRANSFER 
WHEN  T2  = 

TABLE  34 

THROUGH  AN  EFFUSION  SURFACE 
200OK  AND  Tj  =  400®K 

P2 

(Atm. ) 

Pi 

(Atm. ) 

H 

(Erg/sec-cm^) 

HP 

0.1 

0.5 

4.42  X  10® 

55.0 

0.1 

1.0 

7.86  X  10® 

97.9 

0.1 

2.0 

14.74  X  10® 

183.7 

0.1 

3.0 

21.63  X  10® 

269.4 

0.1 

4.0 

28.52  X  10® 

355.2 

0.5 

0.5 

8.31  X  10® 

103.5 

0.5 

1.0 

11.75  X  10® 

146.4 

0.5 

2.0 

18.64  X  10® 

232.2 

—  0.5 

3.0 

25.53  X  10® 

317.9 

0.5 

4.0 

32.41  X  10® 

403.7 

1.0 

0.5 

13.18  X  10® 

164.2 

1.0 

1.0 

16.62  X  10® 

207.1 

1.0 

2.0 

23.51  X  10® 

292.8 

1.0 

3.0 

30.39  X  10® 

378.6 

1.0 

4.0 

37.28  X  10® 

464.4 

1.5 

0.5 

18.05  X  108 

224.8 

1.5 

1.0 

21.49  X  10® 

267.7 

1.5 

2.0 

28.38  X  10® 

353.5 

1.5 

3.0 

35.26  X  10® 

439.2 

1.5 

4.0 

42.15  X  10® 

525.0 

TABLE  as 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  Tj  =  200°K  AND  T^  =  500°K 


P2 

(Atm.) 

Pi 

(Atm. ) 

H 

(Erg/  sec- 

•cm^) 

HP 

0.1 

0.5 

5.55 

X 

108 

69.2 

0.1 

1.0 

9.40 

X 

10® 

117.1 

0.1 

2.0 

17.10 

X 

10® 

213.0 

0.1 

3.0 

24.80 

X 

10® 

308.9 

0.1 

4.0 

32.50 

X 

10® 

404.8 

0.5 

0.5 

12.37 

X 

10® 

154.1 

0.5 

1.0 

16.22 

X 

10® 

202.0 

0.5 

2.0 

23.92 

X 

10® 

297.9 

0.5 

3.0 

31.62 

X 

10® 

393.8 

0.5 

4.0 

39.31 

X 

10® 

489.7 

1.0 

0.5 

20.89 

X 

10® 

260.2 

1.0 

1.0 

24.74 

X 

10® 

308.2 

1.0 

2.0 

32.44 

X 

10® 

404.0 

1.0 

3.0 

40.14 

X 

10® 

499.9 

1.0 

4.0 

47.83 

X 

10® 

595.8 

1.5 

0.5 

29.41 

X 

10® 

366.3 

1.5 

1.0 

33.26 

X 

10® 

414.3 

1.5 

2.0 

40.96 

X 

10® 

510.2 

1.5 

3.0 

48.66 

X 

10® 

606.1 

1.5 

4.0 

56.35 

X 

iO® 

702.0 
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TABLE  36 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  Tj  =  273OK  AND  Tj  =  lOO^K 


P2 

(Atm. ) 

(Atm. ) 

H 

(Erg/sec-cm^) 

HP 

0.1 

0.5 

.07  X  10® 

0.9 

0.1 

1.0 

1.79  X  10® 

22.3 

0.1 

2.0 

5.24  X  10® 

65.2 

0.1 

3.0 

8.68  X  10® 

108.1 

0.1 

4.0 

12.12  X  10® 

151.0 

0.5 

0.5 

-6.53  X  10® 

-81.3 

0.5 

1.0 

-4.81  X  10® 

-59.9 

0.5 

2.0 

-1.37  X  10® 

-17.0 

0.5 

3.0 

2.08  X  10® 

25.9 

■"0.5 

4.0 

5.52  X  10® 

68.8 

1.0 

0.5 

-14.78  X  10® 

-184.1 

1.0 

1.0 

-13.06  X  10® 

-162.7 

1.0 

2.0 

-9.62  X  10® 

-119.8 

1.0 

3.0 

-6.17  X  10® 

-76.9 

1.0 

4.0 

-2.73  X  10® 

-34.0 

1.5 

0.5 

-23.03  X  10® 

-286.9 

1.5 

1.0 

-21.31  X  10® 

-265.5 

1.5 

2.0 

-17.87  X  10® 

-222.6 

1.5 

3.0 

-14.43  X  10® 

-179.7 

1.5 

4.0 

-10.98  X  10® 

-136.8 
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NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  273OK  AND  Tj  =  200®K 


P2 

Pi 

H 

HP 

(Atffl« } 

(Atm.) 

(Erg/«ec-cm^ ) 

0.1 

0.5 

1.41  X  10® 

17.6 

0.1 

1.0 

3.84  X  10® 

47.9 

0.1 

2.0 

8.71  X  10® 

108.5 

0.1 

3.0 

13.58  X  10® 

169.2 

0.1 

4.0 

18.45  X  10® 

229.8 

0.5 

0.5 

-2.69  X  10® 

-33.5 

0.5 

1.0 

-0.26  X  10® 

-  3.2 

0.5 

2.0 

4.61  X  10® 

57.4 

0.5 

3.0 

9.48  X  10® 

118.1 

0.5 

4.0 

14.35  X  10® 

178.7 

1.0 

0.5 

-7.81  X  10® 

-97.4 

1.0 

1.0 

-5.38  X  10® 

-67.0 

1.0 

2.0 

-0.51  X  10® 

-  6.4 

1.0 

3.0 

4.35  X  10® 

54.2 

1.0 

4.0 

9.22  X  10® 

114.9 

1.5 

0.5 

-12.94  X  10® 

-161.2 

1.5 

1.0 

-10.51  X  10® 

-130.9 

1.5 

2.0 

-5.64  X  10® 

-70.2 

1.5 

3.0 

-0.77  X  10® 

-  9.6 

1.5 

4.0 

4.10  X  10® 

51.0 
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TABLE  38 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  273®K  AND  Tj  =  273°K 


P2 

(Atm. ) 

/I 

(Atm. ) 

.  H 

(Erg/sec-cm^) 

HP 

0.1 

0.5 

2.28  X  10® 

28.3 

0.1 

1.0 

5.12  X  10® 

63.8 

0.1 

2.0 

10.81  X  10® 

134.6 

0.1 

3.0 

16.50  X  10® 

205.5 

0.1 

4.0 

22.18  X  10® 

276.3 

0.5 

0.5 

13.77 

0.0 

0.5 

1.0 

2.84  X  10® 

35.4 

0.5 

2.0 

8.53  X  108 

106.3 

0.5 

3.0 

14.22  X  10® 

177.1 

0.5 

4.0 

19.91  X  10® 

248.0 

1.0 

0.5 

-2.84  X  10® 

-35.4 

1.0 

1.0 

27.54 

0.0 

1.0 

2.0 

5.69  X  10® 

70.9 

1.0 

3.0 

11.38  X  10® 

141.7 

1.0 

4.0 

17.07  X  10® 

212.6 

1.5 

0.5 

-5.69  X  10® 

-70.9 

1.5 

1.0 

-2.84  X  10® 

-35.4 

1.5 

2.0 

2.84  X  10® 

35.4 

1.5 

3.0 

8.53  X  10® 

106.3 

14.22  X  10^ 


1.5 


4.0 


177.1 


TABLE  39 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  273OK  AND  Ti  =  400OK 


P2 

(Atm. ) 

Pi 

(Atm.) 

H 

(Erg/sec-cm2) 

HP 

0.1 

0.5 

3.67  X  10® 

45.7 

0.1 

1.0 

7.11  X  10® 

88.6 

0.1 

2.0 

14.00  X  108 

174.3 

0.1 

3.0 

20.88  X  108 

260.1 

0.1 

4.0 

27.77  X  108 

345.9 

0.5 

0.5 

4.57  X  108 

56.9 

0.5 

1.0 

,  8.01  X  108 

99.8 

0.5 

2.0 

14.90  X  10® 

185.5 

0.5 

3.0 

21.78  X  10® 

271.3 

0.5 

4.0 

28.67  X  10® 

357.1 

1.0 

0.5 

5.69  X  108 

70.9 

1.0 

1.0 

9.14  X  10® 

113.8 

1.0 

2.0 

16.02  X  10® 

199.6 

1.0 

3.0 

22.91  X  10® 

285.3 

1.0 

4.0 

29.79  X  10® 

371.1 

1.5 

0.5 

6.82  X  10® 

84.9 

1.5 

1.0 

10.26  X  108 

127.8 

1.5 

2.0 

17.15  X  10® 

213.6 

1.5 

3.0 

24.03  X  10® 

299.3 

30.92  X  10® 


1.5 


4.0 


385.1 


TABLE  40 

NET  HEAT  TRANSFER  THRCXJGH  AN  EFFUSION  SURFACE 
WHEN  Tj  =  273®K  AND  Tj  =  SOQOK 


(Atm. ) 

Pi 

(Atm.) 

H 

(Erg/sec-cm2) 

HP 

0.1 

0.5 

4.70  X 

100 

58.5 

0.1 

1.0 

8.55  X 

CD 

O 

106.5 

0.1 

2.0 

16.25  X 

10® 

202.4 

0.1 

3.0 

23.95  X 

CD 

O 

298.3 

0.1 

4.0 

31.64  X 

100 

394.1 

0.5 

0.5 

3.10  X 

GO 

O 

100.9 

0.5 

1.0 

11.95  X 

O 

CD 

148.8 

0.5 

2.0 

19.65  X 

10® 

244.7 

0.5 

3.0 

27.35  X 

10® 

340.6 

0.5 

4.0 

35.04  X 

10® 

436.5 

1.0 

0.5 

12.35  X 

10® 

153.8 

1.0 

1.0 

16.20  X 

CO 

O 

201.8 

1.0 

2.0 

23.90  X 

CD 

O 

297.7 

i.O 

3.0 

31.60  X 

CD 

O 

393.6 

1.0 

4.0 

39.29  X 

100 

489.5 

1.5 

0.5 

16.60  X 

CD 

O 

206.8 

1.5 

1.0 

20.45  X 

10® 

254.7 

1.5 

2.0 

28.15  X 

00 

o 

350.1 

1.5 

3.0 

35.85  X 

CO 

o 

446.5 

1.5 

4.0 

43.55  X 

CD 

o 

542.4 
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TABLE  41 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  400®K  AND  T^  =  lOO^K 


P2 

(Atm. ) 

Pi 

(Atm.) 

H 

(Erg/t»c-em2) 

HP 

0.1 

0.5 

-  0.52  X  108 

-  6.4 

0.1 

1.0 

1.20  X  10® 

15.0 

0.1 

2.0 

4.65  X  10® 

57.9 

0.1 

3.0 

8.09  X  10® 

100.8 

0.1 

4.0 

11.53  X  10® 

143.7 

0.5 

0.5 

-  9.47  X  10® 

-117.9 

0.5 

1.0 

-  7.75  X  iO® 

-  96.5  . 

0.5 

2.0 

-  4.30  X  10® 

-  53.6 

0.5 

3.0 

-  .86  X  10® 

-  10.7 

0.5 

4.0 

2.58  X  108 

32.2 

1.0 

0.5 

-20.7  X  10® 

-257.3 

1.0 

1.0 

-18.94  X  10® 

-235.9 

1.0 

2.0 

-15.49  X  10® 

-193.0 

1.0 

3.0 

-12.05  X  10® 

•  -150.1 

1.0 

4.0 

-  8.61  X  10® 

-107.2 

1.5 

0.5 

-  31.85  X  10® 

-396.7 

1.5 

1.0 

-  30.12  X  10® 

-375.2 

1.5 

2.0 

-  26.68  X  10® 

-332.3 

1.5 

3.0 

-  23.24  X  10® 

-289.5 

1.5 

4.0 

-  19.80  X  10® 

-246.6 
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TABLE  42 

NET  HEAT  TRANSFER  THRCXJGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  400OK  AND  T^  =  200®K 


P2 

(Atm. ) 

(Atm. ) 

H 

(Erg/sec*cm2) 

HP 

0.1 

0.5 

.71  X  10® 

8.9 

0.1 

1.0 

3.15  X  10® 

39.2 

0.1 

2.0 

8.02  X  10® 

99.9 

0.1 

3.0 

12.89  X  10® 

160.5 

0.1 

4.0 

17.75  X  10® 

221.1 

0.5 

0.5 

-  6.17  X  10® 

-  76.9 

0.5 

1.0 

-  3.74  X  10® 

-  46.6 

0.5 

2.0 

1.13  X  10® 

14.1 

0.5 

3.0 

6.00  X  10® 

74.7 

0.5 

4.0 

10.87  X  10® 

135.4 

1.0 

0.5 

-14.78  X  10® 

-184.1 

1.0 

1.0 

-12.35  X  10® 

-153.8 

1.0 

2.0 

-  7.48  X  10® 

-  93.1 

1.0 

3.0 

-  2.61  X  10® 

-  32.5 

1.0 

4.0 

2.26  X  10® 

28.2 

1.5 

0.5 

-  23.39  X  10® 

-291.3 

1.5 

1.0 

-  20.95  X  10® 

-261.0 

1.5 

2.0 

-  16.08  X  10® 

-200.3 

1.5 

3.0 

-  11.21  X  10® 

-139.7 

1.5 

4.0 

-  6.35  X  10® 

-  79.0 
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TABLE  43 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 
WHEN  T2  =  4000K  and  Tj  =  273°K 


3.62  X  10® 
9.31  X  10® 
-17.32  X  10® 
-14.48  X  10® 

-  8.79  X  10® 

-  3.10  X  108 
2.59  X  10® 


45.1 
116.0 

-215.8 
-180.3 
-109.5 
-  38.6 

32.2 
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TABLE  44 

NET  HEAT  TRANSFER  THROUGH  AN  EFFUSIOTi  SURFACE 
WHEN  T2  =  400°K  AND  T^  =  400®K 


P2 

(Atm. ) 

Pi 

(Atm.  ) 

H 

(Erg/  sec-cm^) 

HP 

0.1 

0.5 

2.75  X  108 

34.3 

0.1 

1.0 

6.20  X  10® 

77.2 

0.1 

2.0 

13.08  X  10® 

163.0 

0.1 

3.0 

19.97  X  10® 

248.7 

0.1 

4.0 

26.85  X  10® 

334.5 

0.5 

0.5 

0.0 

0.0 

0.5 

1.0 

3.44  X  10® 

42.9 

0.5 

2.0 

10.33  X  10® 

128.7 

0.5 

3.0 

17.21  X  10® 

214.4 

0.5 

4.0 

24.10  X  10® 

300.2 

1.0 

0.5 

CD 

0 

X 

n 

t 

-  42.9 

1.0 

1.0 

0.0 

0.0 

1.0 

2.0 

6.89  X  10® 

85.8 

1.0 

3.0 

13.77  X  10® 

171.5 

1.0 

4.0 

20.66  X  10® 

257.3 

1.5 

0.5 

-  6.89  X  10® 

-  85.8 

1.5 

1.0 

-  3.44  X  10® 

-  42.9 

1.5 

2.0 

3.44  X  10® 

42.9 

1.5 

3.0 

10.33  X  10® 

128.7 

1.5 

4.0 

17.21  X  10® 

214.4 
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TABLE  45 


NET  HEAT  TRANSFER  THROUGH  AN  EFFUSION  SURFACE 

WHEN  T2  =  400OK  AND  Tj  =  500OK 

P2 

(Atm. } 

Pi 

(Atm. ) 

H 

(Erg/sec-cm^) 

HP 

0.1 

0.5 

3.68 

X  10® 

45.8 

0.1 

1.0 

7.53 

X  10® 

93.7 

0.1 

2.0 

15.22 

X  10® 

189.6 

0.1 

3.0 

22.92 

X  10® 

285.5 

0.1 

4.0 

30.62 

X  10® 

381.4 

0.5 

0.5 

2.99 

X  10® 

37.2 

0.5 

1.0 

6.84 

X  10® 

85.2 

0.5 

2.0 

14.54 

X  10® 

181.1 

0.5 

3.0 

22.23 

X  10® 

276.9 

0.5 

4.0 

29.93 

X  10® 

372.8 

1.0 

0.5 

2.13 

X  10® 

26.5 

1.0 

1.0 

5.98 

X  108 

74.4 

1.0 

2.0 

\ 

13.68 

X  10® 

170.3 

1.0 

3.0 

21.37 

X  10® 

266.2 

1.0 

4.0 

29.07 

X  10® 

362.1 

1.5 

0.5 

1.27 

X  10® 

15.8 

1.5 

1.0 

5.12 

X  10® 

.  63.7 

1.5 

2.0 

12.81 

X  108 

159.6 

1.5 

3.0 

20.51 

X  108 

255.5 

1.5 

4.0 

28.21 

X  10® 

351.4 
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Figure  26. 


Horsepower  as  a  Function  of  Effusion- 
Chamber  Temperature  for  P2  =  0.5  Atm., 
T2  =  100°K. 
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27.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Temperature  for  ^2  ~  Atm., 
Tj  =  100°K. 
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Figure  32.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Temperature  for  P,,  =  1.5  Atm., 
T2  =  200OK.  ^ 
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Figure  35. 


Horsepower  as  a  Function  of  Effusion' 
Chamber  Temperature  for  P2  =  1  Atm., 
To  =  2730K. 


Figure  38.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Temperature  for  P2  =  1  Atm., 
T2  =  400®K. 
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Figure  39.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Temperature  for  P2  ~  Atm., 
T2  =  400OK. 
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Figure  40.  Horsepower  as  a  Function  of  Effusion 
Chamber  Temperature  for  =  1.5  Atm 


1  1  I  r 

0  12  3 

Pressure  Inside  (atm.) 


Figure  44.  Horsepower  as  a  Function  of  Effusion 
Chamber  Pressure  for  T.  =  400°K  & 

=  100°K. 
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Figure  45.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Pressure  for  T,  =  500°K  & 

T2  =  100°K. 
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HorsepO'A'er  as  a  Function  of  Effusion 
Chamber  Pressure  for  T,  =  100°K  & 


700 


I 


Figure  48.  Horsepower  ar  a  Function  of  Effusion-Chamber 
Pressure  for  =  273”K  &  T2  =  200°K. 
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Figure  49.  Horsepower  as  a  Function  of  Effusion 
Chamber  Pressure  for  T.  =  400°K  & 

=  200°K. 
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Figure  52.  Horsepower  as  a  Function  of  Effusion 
Chamber  Pressure  for  T  =  200°K  & 
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Figure  53.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Pressure  for  T  =  273°K  & 

=  273OK.  ^ 
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Figure  55.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Pressure  for  T,  =  500°K  & 

T2  =  273°K. 
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Figure  56.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Pressure  for  T,  =  100°K  & 

=  400OK. 
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Figure  57.  Horsepower  as  a  Function  of  Effusion - 
Chamber  Pressure  for  T,  =  200®K  & 

=  400° K. 
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Figure  58.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Pressure  for  T.  =  273°K  & 

=  400°K. 
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Figure  59.  Horsepower  as  a  Function  of  Effusion - 
Chamber  Pressure  for  T.  =  400®K  & 

T2  =  4000K. 


Figure  60.  Horsepower  as  a  Function  of  Effusion- 
Chamber  Pressure  for  T,  =  500°K  & 

T2  =  400°K. 
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APPENDIX  IV,  VISCOSITY  OF  AIR  AS  A  FUNCTION  OF  TEMPERATURE 


The  graphs  contained  in  this  appendix  were  plotted  from  data  appearing 
in  the  1960-1961  edition  of  Handbook  of  Chemistry  and  Physics.  This 
information  was  used  in  the  calculations  appearing  in  Appendix  V  of 
this  report. 
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Figure  63.  Viscosity  of  Air  from  700®  to  1100®K, 


APPENDIX  V,  CALCULATION  OF  THE  PRESSURE  (Pq) 
AT  THE  EXTERNAL  EFFUSION  SURFACE 


This  appendix  contains  calculations  of  Pq  based  upon  the  Tube  Model  dis¬ 
cussed  in  the  theoretical  section  of  the  text.  The  modified  form  of  the 
equation  is  given  and  the  values  of  Pq  are  tabulated.  The  range  of  the 
calculations  is  indicated. 


FINAL  FORM  OF  TUBE  MODEL  EQUATION  USED  TO  CALCULATE  P, 


a^  P  A  P  =  -i-  ni  VI  A’  -  -i-  n^  Vp  A’  (  57  ) 

8  k  Tv^L 


The  equation  above  was  used  to  calculate  Pq.  The  calculations  were  made 
with  the  aid  of  the  IBM  650  Computer. 


RANGE  OF  VARIABLES  USED  IN  CALCULATION  OF  P. 


L  (Cm.)  =  50,  100 
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(Atm.)  =  0.0001,  0.001,  0.1,  2.0,  4.0 

P2  (Atm.)  =  0.000001,  0.00001,  0.0001,  0.001,  0.01,  1.0 

Tj  (OK)  =  100,  273,  600 

T2  (OK)  =  100,  273,  300 


TABLE  46 


CALCULATIONS  OF  PRESSURE  (Pq)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


h 

(dynes/cm^) 

Tl 

(®K) 

P2 

(dynes/cm^) 

Po 

(dynes/cmS) 

2.0264  X 

10^ 

100.0 

1.0132  X 

103 

1.1540950  X  103 

2.0264  X 

10^ 

100.0 

1.0132  X 

10® 

1.0132144  X  10® 

2.0264  X 

10^ 

100.0 

1.0132  X 

10® 

1.0132001  X  10® 

4.0528  X 

10^ 

100.0 

1.0132  X 

103 

1.2796241  X  103 

4.0528  X 

106 

100.0 

1.0132  X 

105 

1.0132295  X  105 

4.0528  X 

10* 

100.0 

1.0132  X 

10® 

1.0132003  X  10® 

2.0264  X 

106 

273.0 

1.0132  X 

103 

1.1006052  X  103 

2.0264  X 

10^ 

273.0 

1.0132  X 

105 

1.0132084  X  105 

2.0264  X 

10^ 

273.0 

1.0132  X 

10® 

1.0132001  X  10® 

4.0528  X 

106 

273.0 

1.0132  X 

103 

1.1816216  X  103 

4.0528  X 

106 

273.0 

1.0132  X 

105 

1.0132176  X  105 

4.0528  X 

106 

273.0 

1.0132  X 

10® 

1.0132002  X  10® 

2.0264  X 

10^ 

600.0 

1.0132  X 

103 

1.0729187  X  103 

2.0264  X 

10^ 

600.0 

1.0132  X 

105 

1.0132055  X  105 

2.0264  X 

10* 

600.0 

1.0132  X 

106 

1.0132000  X  10® 

4.0528  X 

106 

600.0 

1.0132  X 

103 

1.1295462  X  103 

4.0528  X 

106 

600.0 

1.0132  X 

105 

1.0132116  X  10® 

4.0528  X 

106 

600.0 

1.0132  X 

106 

1.0132001  X  106 

1.0132  X 

105 

100.0 

1.0132  X 

103 

1.0206419  X  103 

1.0132  X 

105 

100.0 

1.0132  X 

10^ 

1.0132685  X  10^ 
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Tl 

(Ok) 


(dynes/cm^) 


1.0132  X 

105 

273.0 

1.0132.x 

105 

273.0 

1.0132  X 

105 

600.0 

1.0132  X 

10^ 

600.0 

1.0132  X 

103 

100.0 

1.0132  X 

103 

100.0 

1.0132  X 

103 

273.0 

1.0132  X 

10^ 

273.0 

1.0132  X 

103 

600.0 

1.0132  X 

103 

600.0 

1.0132  X 

102 

100.0 

1.0132  X 

102 

100.0 

1.0132  X 

102 

273.0 

1.0132  X 

102 

273.0 

1.0132  X 

102 

600.0 

1.0132  X 

102 

600.0 

=  IIQOK 
To  =  120®K 

'y]  -  75  X  10^  Poises 
T2  =  lOO^K 


(dynes/cm^)  (dynes/cm^) 


1.0132  X 

103 

1.0176835  X  103 

1.0132  X 

104 

1.0132388  X  10^ 

1.0132  X 

103 

1.0162041  X  103 

1.0132  X 

104 

1.0132239  X  10^ 

1.0132  X 

loi 

1.5913113  X  lOl 

1.0132  X 

102 

1.0200227  X  102 

1.0132  X 

loi 

1.3899600  X  lOl 

1.0132  X 

102 

1.0170644  X  102 

1.0132  X 

loi 

1.2777434  x  10^ 

1.0132  X 

102 

1.0155850  X  102 

1.0132  X 

10® 

3.9694134  x  10® 

1.0132  X 

lol 

1.0791117  X  lOl 

1.0132  X 

10® 

3.1369221  X  10° 

1.0132  X 

lol 

1.0509823  X  lOl 

1.0132  X 

10® 

2.6270520  x  10® 

1.0132  X 

lol 

1.0366631  x  lOl 
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TABLE  47 


CALCULATIONS  OF  PRESSURE  (Pq)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


^1 

(dynGs/ctn^) 

^2 

(dynes/cm^) 

Po 

(dynes/cm^) 

2.0264 

X 

106 

1.0132 

X 

lo3 

1.6590643 

X 

103 

2.0264 

X 

106 

1.0132 

X 

10^ 

1.0132826 

X 

105 

2.0264 

X 

106 

1.0132 

X 

106 

1.0132006- 

X 

106 

4.0528 

X 

10^ 

1.0132 

X 

io3 

2.1163730 

X 

103 

4.0528 

X 

10^ 

1.0132 

X 

105 

1.0133678 

X 

103 

4.0528 

X 

10^ 

1.0132 

X 

10^ 

1.0132015 

X 

106 

1.0132 

X 

10^ 

1.0132 

X 

io3 

1.0546891 

X 

103 

1.0132 

X 

10^ 

1.0132 

X 

lO'* 

1.0136002 

X 

lO'* 

1.0132 

X 

io3 

1.0132 

X 

10^ 

3.0824471 

X 

10^ 

1.0132 

X 

10^ 

1.0132 

X 

102 

1.0523714 

X 

102 

1.0132 

X 

io2 

1.0132 

X 

10° 

9.0926320 

X 

10° 

1.0132 

X 

102 

1.0132 

X 

10^ 

1.3492139 

X 

10^ 

T  =  273°K 

Tq  =  273°K 

Tj  =  100°K 

77  =  170.0  X  10^  Poises 

T2  =  273°K 

L  =  50  cm 
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TABLE  48 


CALCULATIONS  OF  PRESSURE  (P^)  AT  THE 

EXTERNAL 

EFFUSION  SURFACE 

Pi 

Tl 

P2 

Po 

(dynes/cm^) 

(®K) 

(dynes/cm^) 

(dynes/cm^ 

) 

2.0264  X  10^ 

100.0 

1.0132  X 

103 

1.7647008  X 

10^ 

2.0264  X  106 

100.0 

1.0132  X 

10^ 

1.0133001  X 

10* 

2.0264  X  10* 

100.0 

1.0132  X 

10* 

1.0132007  X 

10* 

4.0528  X  10^ 

100.0 

1.0132  X 

103 

2.2809003  X 

103 

4.0528  X  10^ 

100.0 

1.0132  X 

10* 

1.0134031  X 

10* 

4.0528  X  106 

100.0 

1.0132  X 

10* 

1.0132018  X 

10* 

2.0264  X  10^ 

273.0 

1.0132  X 

10^ 

1.5132016  X 

103 

2.0264  X  10^ 

273.0 

1.0132  X 

10* 

1.0132594  X 

10* 

2.0264  X  106 

273.0 

1.0132  X 

106 

1.0132003  X 

10* 

4.0528  X  10^ 

273.0 

1.0132  X 

103 

1.8851162  X 

103 

4.0528  X  10^ 

273.0 

1.0132  X 

10* 

1.0133218  X 

10* 

4.0528  X  10^ 

273.0 

1.0132  X 

10* 

1.0132009  X 

10* 

1.0132  X  105 

100.0 

1.0132  X 

103 

1.0631904  X 

103 

1.0132  X  10^ 

100.0 

1.0132  X 

10^ 

1.0136855  X 

10^ 

1.0132  X  105 

273.0 

1.0132  X 

103 

1.0436276  X 

103 

1.0132  X  105 

273.0 

1.0132  X 

10^ 

1.0134821  X 

lO'* 

1.0132  X  10^ 

100.0 

1.0132  X 

10^ 

3.3570855  x 

10^ 

1.0132  X  10^ 

100.0 

1.0132  X 

102 

1.0605166  X 

102 

1.0132  X  103 

273.0 

1.0132  X 

10^ 

2.6809626  x 

10^ 

1.0132  X  10^ 

273.0 

1.0132  X 

102 

1.0409539  X 

102 
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Pi  P2  P„ 


(dynos/cm^) 

(°K) 

(dynes/cm2) 

(dynes/cm^) 

1.0132  X  102 

100.0 

1.0132  X  lO'^, 

9.9760810  X  10° 

1.0132  X  10^ 

100.0 

1.0132  X  10^ 

1.4096144  X  lOl 

1.0132  X  102 

273.0 

1.0132  X  10° 

■  7.7224555  x  10® 

1.0132  X  102 

273.0 

1.0132  X  10^ 

1.2584663  x  lO^ 

T  =  300°K 

Tq  =  300°K 

'H,  =  188  X  10^  Poises 

T2  =  300OK 

L  =  50  cm 
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TABLE  49 


CALCULATIONS  OF  PRESSURE  (P(,)  AT-  THE  EXTERNAL  EFFUSION  SURFACE 


(dynes/cm^) 

Tl 

(°K) 

P2 

(dynes/cm^) 

Po 

(dynes/cm^) 

2.0264  X  10^ 

273.0 

1.0132  X 

103 

1.5132141  X  103 

2.0264  X  10^ 

273.0 

1.0132  X 

10^ 

1.0132595  X  105 

2.0264  X  106 

273.0 

1.0132  X 

106 

1.0132003  X  106 

4.0528  X  106 

273.0 

1.0132  X 

103 

1.8851287  X  10^ 

4.0520  X  10^ 

273.0 

1.0132  X 

10^ 

1.0133219  X  105 

4.0528  X  10^ 

273.0 

1.0132  X 

10^ 

1.0132009  X  10^ 

2.0264  X  10^ 

600.0 

1.0132  X 

103 

1.3705761  X  103 

2.0264  X  106 

600.0 

1.0132  X 

10^ 

1.0132392  X  103 

2.0264  X  10^ 

600.0 

1.0132  X 

10^ 

1.0132001  X  10^ 

4.0528  X  10^ 

600.0 

1.0132  X 

103 

1.6525748  x  10^ 

4.0528  X  10^ 

600.0 

1.0132  X 

10^ 

1.0132313  X  10^ 

4.0528  X  106 

600.0 

1.0132  X 

106 

1.0132005  X  106 

1.0132  X  105 

273.0 

1.0132  X 

10^ 

1.0436401  X  103 

1.0132  X  105 

273.0 

1.0132  X 

lO'^ 

1.0134834  X  lO'* 

1.0132  X  105 

600.0 

1.0132  X 

10^ 

1.0337404  X  10^ 

1.0132  X  10^ 

600.0 

1.0132  X 

lO"^ 

1.0133819  X  lO-^ 

1.0132  X  103 

273.0 

1.0132  X 

10^ 

2.6822040  X  10^ 

1.0132  X  10^ 

273.0 

1.0132  X 

10^ 

1.0410790  X  102 

1.0132  X  103 

600.0 

1.0132  X 

10^ 

2.2716777  x  lO^ 

1.0132  X  103 

600.0 

1.0132  X 

102 

1.0311794  X  102 
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^2  *  Pq 

(dynes/cm^)  ("^K)  (dynes/cm^)  (dynes/ctti^) 


1.0132  X 

102 

273.0 

1.0132  X 

lOO 

7.7345485  X 

10® 

1.0132  X 

102 

273.0 

1.0132  X 

10^ 

1.2596928  x 

loi 

1.0132  X 

102 

600.0 

1.0132  X 

10® 

6.3287855  x 

10° 

1.0132  X 

102 

600.0  . 

1.0132  X 

10^ 

1.1772076  X 

loi 

T  =  300°K 

Tg  =  273°K 

V.  =  188  X  10^  Poises 


T2  =  273°K 

L  =  50  cm 
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CALCULATIONS 

TABLE  50 

OF  PRESSURE  (P^)  AT  THE 

i 

EXTERNAL  EFFUSION  SURFACE 

1 

Pi  _ 

P2  , 

Po 

(dynes/cm'^) 

(dynes/cm^) 

(dynes/cm^) 

2.0264  X  10^ 

1.0132  X  103 

1.4224956  X  10^ 

2.0264  X  10^ 

1.0132  X  105 

1.0132461  X  105 

2.0264  X  10^ 

1.0132  X  10*^ 

1.0132002  X  10^ 

4.0528  X  10^ 

1.0132  X  10^ 

1.7381359  X  103 

4.0528  X  106 

1.0132  X  105 

1.0132953  X  105 

4.0528  X  10^ 

1.0132  X  106 

1.0132007  X  10^ 

1.0132  X  10^ 

1.0132  X  10^ 

1.0372107  X  10^ 

1.0132  X  10^ 

1.0132  X  lO'^ 

1.0134144  X  lO'* 

1.0132  X  103 

1.0132  X  lOl 

2.4211118  X  10^ 

1.0132  X  10^ 

1.0132  X  10^ 

1.0343549  X  10^ 

1.0132  X  102 

1.0132  X  10® 

6.8248930  X  10° 

1.0132  X  10^ 

1.0132  X  10^ 

1.2037296  X  10^ 

T  =  330®K 

Tg  =  360‘’K 

T  600°K 

=  200  X  10^  Poises 

4 

T2  =  300'’k 

L  =  50  cm 

I 
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TABLE  51 


CALCULATIONS  OF  PRESSURE  (P^)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


(dynos/cm^) _ (^K) _ (dynos/cm^) _ (dynoc/ cm^) 


2.0264 

X 

10^ 

100.0 

1.0132 

X 

10^ 

1.2795553 

X 

103 

2.0264 

X 

lo" 

100.0 

1.0132 

X 

10^ 

1.0132288 

X 

10^ 

2.0264 

X 

10^ 

100.0 

1.0132 

X 

10^ 

1.0132002 

X 

lo6 

4.0528 

X 

10^ 

100.0 

1.0132 

X 

io3 

1.4994135 

X 

io3 

4.0528 

X 

10^ 

100.0 

1.0132 

X 

10^ 

1.0132589 

X 

io5 

4.0528 

X 

10^ 

100.0 

1-0132 

X 

lo" 

1.0132004 

X 

10^ 

2.0264 

X 

10^ 

273-0 

1.0132 

X 

10^ 

1.1815528 

X 

10^ 

2.0264 

X 

10^ 

273.0 

1.0132 

X 

10^ 

1.0132169 

X 

io5 

2.0264 

X 

io5 

273.0 

1.0132 

X 

106 

1.0132001 

X 

10^ 

4.0528 

X 

10^ 

273.0 

1.0132’ 

X 

10^ 

1.3288508 

X 

10^ 

4.0528 

X 

10^ 

273.0 

1.0132 

X 

10^ 

1.0132351 

X 

10^ 

'4.0528 

X 

10^ 

273.0 

1.0132 

X 

10^ 

1.0132002 

X 

10^ 

2.0264 

X 

10^ 

600.0 

1.0132 

X 

10^ 

1.1294774 

X 

103 

2.0264 

X 

10^ 

600.0 

1.0132 

X 

10^ 

1.0132109 

X 

105 

2.0264 

X 

10^ 

600.0 

1.0132 

X 

10^ 

1.0132000 

X 

lo" 

4.0528 

X 

10^ 

600.0 

1.0132 

X 

10^ 

1.2349680 

X 

10^ 

4.0528 

X 

10^ 

600.0 

1.0132 

X 

10^ 

1.0132232 

X 

10^ 

4.0528 

X 

lO*^ 

6C0.0 

1.0132 

X 

10^ 

1.0132001 

X 

10^ 

1.0132 

X 

10^ 

100.0 

1.0132 

X 

103 

1.0280288 

X 

103 
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Pi 

^1 

P2 

Po 

1 

(dynes/cm^) 

(°K) 

(dynes/cm^) 

(dynes/cm^) 

1 

1.0132  X  10^ 

100.0 

1.0132  X  lO'’ 

1.0133370  X  lO'* 

1.^132  X  10^ 

273.0 

1.0132  X  103 

1.0221466  X  103 

1.0132  X  10^ 

273.0 

1.0132  X  10^ 

1.0132775  X  10^ 

1.0132  X  10^ 

600.0 

1.0132  X  103 

1.0191989  X  103 

1.0132  X  10^ 

600.0 

1.0132  X  10“* 

1.0132478  X  lO'* 

1.0132  X  103 

100.0 

1.0132  X  10^ 

2.0066233  x  10^ 

1.0132  X  103 

100.0 

1.0132  X  10^ 

1.0267910  X  102 

1.0132  X  10^ 

273.0 

1.0132  X  10^ 

1.6820709  X  10^ 

1.0132  X  103- 

273.0 

1.0132  X  102 

1.0209089  X  10^ 

1.0132  X  10^ 

600.0 

1.0132  X  10^ 

1.4942298  X  10^ 

1.0132  X  10^ 

600.0 

1.0132  X  102 

1.0179612  X  10^ 

1.0132  X  10^ 

100.0 

1.0132  X  10® 

5.4835320  X  10® 

1.0132  X  102 

100.0 

1.0132  X  10^ 

1.1404825  X  10^ 

'  1.0132  X  10^ 

273.0 

1.0132  X  10® 

4.2823687  x  10° 

1.0132  X  102 

273.0 

1.0132  X  lOl 

1.0869967  X  10^ 

1.0132  X  10^ 

600.0  . 

1.0132  X  10® 

3.5390924  X  10® 

1.0132  X  10^ 

600.0 

1.0132  X  10^ 

1.0593125  X  10^ 

T  =  110°K 

• 

T  =  120°K 

0 

=  75  X  10^ 

Tj  =  100°K 

Poises 

• 

L  =  100  cm 

— 
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TABLE  52 


CALCULATICWS  OF  PRESSURE  (P^^)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


Pi 

(dvnes/cm^) 

bhb^i 

Po 

(dynes/cm^) 

2.0264 

X 

10^ 

1.0132 

X 

103 

2.1161151 

X 

103 

2.0264 

X 

106 

1.0132 

X 

105 

1.0133653 

X 

105 

2.0264 

X 

106 

1.0132 

X 

10^ 

1.0132012 

,  X 

106 

4.0528 

X 

106 

1.0132 

X 

10^ 

2.8161628 

X 

103 

4.0528 

X 

10^ 

1.0132 

X 

io5 

1.0135356 

X 

105 

4.0528 

X 

10^ 

1.0132 

X 

10^ 

1.0132029 

X 

106 

1.0132 

X 

10^ 

1.0132 

X 

103 

1.0945880 

X 

103 

1.0132 

X 

10^ 

1.0132 

X 

10^ 

1.0140002 

X 

lO'* 

1.0132 

X 

10^ 

1.0132 

X 

10^ 

4.2259246 

X 

10^ 

1.0132 

X 

io3 

1.0132 

X 

102 

1.0899583 

X 

102 

1.0132 

X 

10^- 

1.0132 

X 

10° 

1.2674036 

X 

10^ 

1.0132 

X 

10^ 

1.0132 

X 

10^ 

1.6085496 

X 

loi 

T  =  273OK 

=  273°K 

Ti  =  100°K 

=  170,8  X  10^  Poises 

Tj  =  273°K 

L  =  100  cm 
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TABLE  53 


CALCULATIONS  OF  PRESSURE  (Pq)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


Pi  „ 

(dynos/cm"^) 

(°K) 

P2 

(oyncs/crri^) 

Po 

(dynos/cm"^) 

2.0264 

X 

106 

100-0 

1.0132 

X 

103 

2.2806029 

X 

103 

2.0264 

X 

10^ 

100.0 

1.0132 

X 

10^ 

1.0134002 

X 

10^ 

2.0264 

X 

106 

100.0 

1.0132 

X 

106 

1.0132015 

X 

10^ 

4.0528 

X 

10^ 

100.0 

1.0132 

X 

io3 

3.0622717 

X 

io3 

4.0528 

X 

10^ 

100.0 

1.0132 

X 

10^ 

1.0136063 

X 

io5 

4.0528 

X 

10^ 

100. 0 

1.0132 

X 

lo" 

1.0132036 

X 

10^ 

2.0264 

X 

10^ 

273.0 

1.0132 

X 

103 

1.8848187 

X 

10^ 

2.0264 

X 

10^ 

273.0 

1.0132 

X 

105 

1.0133188 

X 

10^ 

2.0264 

X 

106 

273.0 

1.0132 

X 

10^ 

1.0132006 

X 

10^ 

4.0528 

X 

10*^ 

273 ;0 

1.0132 

X 

103 

2.4657779 

X 

io3 

4.0528 

X 

10^ 

273.0  ■ 

1.0132 

X 

10^ 

1.0134435 

X 

10^ 

4.0528 

X 

10^ 

273.0 

1.0132 

X 

10^ 

1.0132019 

X 

10^ 

1.0132 

X 

10^ 

100.0 

1.0132 

X 

10^ 

1.1109080 

X 

10^ 

1.0132 

X 

10^ 

100.0 

1.0132 

X 

lo'^ 

1.0141707 

X 

lo'* 

1.0132 

X 

10^ 

273.0 

1.0132 

X 

10^ 

1.0731763 

X 

10^ 

1.0132 

X 

10^ 

273.0 

1.0132 

X 

lO'’ 

1.0137641 

X 

10“^ 

1.0132 

X 

10^ 

100.0 

1.0132 

X 

10^ 

4.6220044 

X 

10^ 

1.0132 

X 

10^ 

100.0 

1.0132 

X 

102 

1.1055680 

X 

102 

1.0132 

X 

10^ 

273.0 

1.0132 

X 

10^ 

3.6379459 

X 

10^ 

1.0132 

X 

10^ 

273.0 

1.0132 

X 

102 

1.0678369 

X 

102 

152 


(dynes/cm^) 

(°K) 

^2  ^ 
(dynes/cm2) 

■ 

(dynes/cm^) 

1.0132  X  102 

100.0 

1.0132  X  10° 

1.3904749  X  lOl 

1.0132  X  102 

100.0 

.  1.0132  X  lOl 

1.7064928  X  10^ 

1.0132  X  102 

273.0 

1.0132  X  10® 

1.0709394  X  10^ 

1.0132  X  102 

273.0 

1.0132  X  10^ 

1.4551601  X  10^ 

T  =  300°K 

Tq  =  300°K 

188  X  10* 

Poises 

T2  =  273°K 

L  =  100  cm 
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TABLE  54 


CALCULATIONS  OF  PRESSURE  (P^)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


Pi 

(dynes/cm^) 

Tl 

(°K) 

P2 

(dynos/cm^) 

P 

0 

(dynes/cm^) 

2.0264  X 

10^ 

273.0 

1.0132  X 

103 

1.8848438 

X  103 

2.0264  X 

106 

273.0 

1.0132  X 

105 

1.0133191 

X  105 

2.0264  X 

106  • 

273.0 

1.0132  X 

10^ 

1.0132007 

X  10^ 

4.0528  X 

io6 

273.0 

1.0132  X 

10^ 

2.4658030 

X  10^ 

4.0528  X 

106 

273.0 

1.0132  X 

105 

1.0134438 

X  10^ 

4.0528  X 

10^ 

273.0 

1.0132  X 

106 

1.0132020 

X  106 

2.0264  X 

LO^ 

600.0 

1.0132  X 

103 

1.6522899 

X  103 

2.0264  X 

106 

600.0 

1.0132  X 

105 

1.0132784 

X  10^ 

2.0264  X 

106 

600.0 

1.0132  X 

10^ 

1.0132003 

X  10^ 

4.0528  X 

106 

600.0 

1.0132  X 

103 

2.0159241 

X  10^ 

4.0528  X 

106 

600.0 

1.0132  X 

105 

1.0133626 

X  10^ 

4.0528  X 

106 

600.0 

1.0132  X 

10^ 

1.0132011 

X  10*^ 

1.0132  X 

105 

273.0 

1.0132  X 

103 

1.0732014 

X  10^ 

1.0132  X 

10^ 

273.0 

1.0132  X 

lO'^ 

1.0137666 

X  104 

1.0132  X 

10^ 

600.0 

1.0132  X 

10^ 

1.0538697 

X  103 

1.0132  X 

105 

600.0 

1.0132  X 

10'^ 

1.0135637 

X  lO'^ 

1.0132  X 

10^ 

273.0 

1.0132  X 

10^ 

3.6404160 

X  10^ 

1.0132  X 

10^ 

273.0 

1.0132  X 

102 

1.0680865 

X  102 

1.0132  X 

10^ 

600.0 

1.0132  X 

10^ 

3.0343892 

X  10^ 

T’.0132  X 

103 

600.0 

1.0132  X 

10^ 

1.0487551 

X  102 

154 


(dynes/cm^) 
1.0132  X  102 
1.0132  X  102 
1.0132  X  102 
1.0132  X  10^ 


273.0 

27310 

600.0 


(dynes/cm^)  (dynes/cm^) 

1.0132  X  10°  r.0733197  x  10^ 
1.0132  X  10^  1.4575732  x  lOl 
1.0132  X  10°  8,.  7370000  x  10° 
1.0132  X  lOl 


600.0 


1.3150467  X  lOl 


TABLE  55 


CALCULATIONS  OF  PRESSURE  (P^)  AT  THE  EXTERNAL  EFFUSION  SURFACE 


Pi  P2  Po 

(dynes/cm^) _  '  (dynes/cm^) _ (dynes/ cm^) 


2.0264 

X 

106 

1.0132 

X 

lo3 

1.7378182  X 

103 

2.0264 

X 

10^ 

1.0132 

X 

10^ 

1.0132922  X 

10^ 

2.0264 

X 

106 

1.0132 

X 

106 

1.0132003  X 

106 

4.0528 

X 

10^- 

1.0132 

X 

103 

2.2394244  x 

103 

4.0528 

X 

10^ 

1.0132 

X 

10^ 

1.0133906  X 

10^ 

4.0528 

X 

10^ 

1.0132 

X 

106 

1.0132013  X 

10* 

1.0132 

X 

10^ 

1.0132 

X 

io3 

1.0606640  X 

103 

1.0132 

X 

10^ 

1.0132 

X 

lO'* 

1.0136287  X 

10^ 

1.0132 

X 

io3 

1.0132 

X 

10^ 

3.2543888  x 

10^ 

1.0132 

X 

10^ 

1.0132 

X 

102 

1.0549615  X 

10^ 

1.0132 

X 

10^ 

1.0132 

X 

10® 

9.4247690  X 

10® 

1.0132 

X 

10^ 

1.0132 

X 

10^ 

1.3606627  X 

10^ 

T  =  330®K 

Tq  =  360‘’K 

Tj  =  600°K 

77  =  200  X  10^  Poises 

T2  =  300°K 

L  =  100  cm 
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oratory  tvaluatlon,  it  U  concludod  that  no  praett*  oratory  ovaloatlon.  It  la  coneltMlfd  that  no  practi* 
cal  lift  la  obtalnablo  fron  tho  offualon  procoaa.  col  lift  la  ohiolnabto  froa  tho  offualon  proctaa. 
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